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Abstract 
Knowledge of the rates and mechanisms of diffusion in olivine can be used, 
among other things, to elucidate timescales of magmatic processes, determine closure 
temperatures of radiogenic systems, quantify the robustness of melt inclusions and aid 
in development of point defect models. Firstly, however, the diffusion process itself 
must be well understood. This is only possible when diffusion studies are closely 
coupled with considerations of equilibrium thermodynamics. 
In this thesis, the diffusion of Mg2+, Be2+, Sc3+, Zr4+, Hf4+, Cr2+, Cr3+, Ti3+, 
Ti4+ and H+ in olivine are presented at various temperatures between 900-1600 °C, 
and pressures from 1 bar to 2.5 GPa under controlled oxygen fugacity, silica activity 
and crystal orientation.  
The interface concentration (at the crystal edge) of trace element diffusants 
should be at equilibrium with external conditions (such as silica activity, oxygen 
fugacity, temperature and pressure). This assumption must be satisfied in order to 
draw any conclusions regarding diffusion rates. 
The silica activity of a system affects both the concentration and diffusion rate 
of trace elements in olivine, with all cations (except H+ and Be2+) diffusing faster at 
high silica activity than when silica activity is low. Oxygen fugacity affects the 
diffusion rate and interface concentrations of Ti and Cr – these both (generally) 
diffuse faster and at higher concentrations in more reducing conditions, where Cr2+ 
and Ti3+ are more prevalent. 
The concentration of trivalent cations in olivine can affect their diffusion rate 
– the rate of Sc3+ diffusion is positively correlated with its interface concentration.  
The ionic radius of cations that substitute onto the M sites in olivine strongly 
affect the diffusive anisotropy (the difference in diffusion coefficients between the 
fastest and slowest axes), relating to preferential ordering onto the M1 sites, which are 
aligned into closely spaced chains along one crystallographic axis. 
There is no apparent causal relationship between ionic charge and diffusivity 
of M-site cations in olivine. More important are atomic mass, site preference and 
ionic radii. 
Taken together, the results from these studies show firstly that diffusion in 
olivine is more complex than previously thought, and secondly that the effect of 
thermodynamic variables must be considered when studying diffusion. 
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II. Introduction and motivation 
Diffusion in minerals can provide a cornucopia of information for 
geoscientists. In the orthosilicate olivine, (Mg,Fe)2SiO4, diffusion data can be used, 
among other things, to elucidate timescales of magmatic processes (e.g. Chakraborty, 
2006, 2008; Costa and Chakraborty, 2004; Costa et al., 2008; Costa and Dungan, 
2005; Costa and Morgan, 2011; Demouchy et al., 2006; Denis et al., 2013; Girona and 
Costa, 2013; Marti et al., 2013; Peslier et al., 2015; Peslier and Luhr, 2006; Peslier et 
al., 2008; Qian et al., 2010; Ruprecht and Plank, 2013; Turner and Costa, 2007), 
determine closure temperatures of decay systems (e.g. Cherniak and Van Orman, 
2014; Ito and Ganguly, 2006), quantify the robustness of melt inclusions (Spandler et 
al., 2007) and aid in the development of point defect models (e.g. Chakraborty, 1997; 
Dohmen and Chakraborty, 2007; Nakamura and Schmalzried, 1984). Each of these 
uses of diffusion data are introduced below. In addition, but outside the scope of this 
thesis, diffusion data can also be used to determine isotope fractionation (e.g. Dohmen 
et al., 2010; Van Orman and Krawczynski, 2015) and place constraints on rates and 
mechanisms of plastic flow in the mantle (e.g. Dohmen et al., 2002b; Fei et al., 2013; 
Fei et al., 2012; Mackwell et al., 1985; Mei and Kohlstedt, 2000; Ricoult and 
Kohlstedt, 1985; Zhao et al., 2006).  
 
………………………………………………………………………………………….. 
 
Magmatic timescales 
Olivine-bearing xenoliths and olivine xenocrysts are ubiquitous in lower-
crustal or upper mantle-derived magmas (e.g. Pearson et al., 2003 and references 
therein). These and other xenoliths may be assimilated into the magma at any point 
during the magma generation, ascent, ponding (i.e. in a magma chamber) or final 
eruption. These crystals are generally not in major or trace element equilibrium with 
the magma in which they are entrained. This can lead to overgrowth or dissolution. 
Where overgrowths form, they are likely to have a different composition to the 
crystal cores, leading to a step function in a composition-distance plot. After some 
time at high temperatures, diffusion causes relaxation of the step function into a 
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sigmoid, with the boundary remaining in a constant location (i.e. at the edge of the 
original crystal). 
 
 
 
Figure	  II.i:	  Cartoon	  showing	  idealised	  interaction	  between	  crystal	  and	  melt.	  Firstly	  a	  xenocryst	  is	  
entrained	  into	  a	  melt,	  then	  overgrowth	  occurs,	  followed	  by	  diffusive	  relaxation.	  Dashed	  line	  
represents	  original	  boundary-­‐	  this	  does	  not	  move.	  The	  graphs	  show	  the	  concentration	  of	  a	  
component	  that	  is	  enriched	  in	  the	  overgrowth	  relative	  to	  the	  original	  crystal	  core.	  
 
Where dissolution rather than overgrowth occurs, the situation is more 
complex because the original crystal-melt boundary is not maintained, rather the 
boundary moves as diffusion occurs. This presents a non-unique solution, as it is very 
difficult or impossible to reconstruct the original crystal geometry following 
dissolution. 
In the idealised example presented in Figure II.i, it would be possible to 
determine the amount of time that the crystal resided in the magma if the temperature, 
pressure, oxygen fugacity and water fugacity of the system was known, along with the 
rate of diffusion of the diffusing component as a function of these variables, plus any 
effects arising from crystal orientation. 
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As the process is kinetic (i.e. is activated by increasing temperature), diffusion 
will occur when the system goes above some ‘closure’ temperature (see below) then 
continue as long as this remains high, then as soon as the temperature decreases, 
diffusion will effectively stop (atoms will still vibrate, but their having sufficient 
energy to hop between crystallographic sites becomes highly improbable). Therefore, 
it does not matter when in geological time the diffusion was occurring, only how long 
it took. As long as the minerals are well preserved, the errors on timescales 
determined from diffusion profiles formed in the Palaeo-proterozoic will be identical 
to those from profiles formed in the Holocene, for example. 
This is especially advantageous when compared to estimates of durations of 
thermal events obtained using radiometric dating schemes. It may be possible to place 
constraints on the absolute time of the beginning and end of a thermal event using 
various dating schemes, but the further back in geological time that the event 
occurred, the larger the error on both dates, until they are likely to overlap for very 
old events.  
Of course, for any realistic determination of timescales from diffusion 
modelling in natural systems, firstly the rates and mechanisms of diffusion must be 
well constrained and understood, respectively. Well-constrained rates of diffusion at 
any given condition will allow timescales to be determined, but properly understood 
mechanisms are equally necessary – this is in order that the used diffusion coefficients 
can be considered applicable to the system in question. 
 
Closure temperatures 
The closure temperature is an important concept in geochronology. 
Radioactive isotopes are incorporated into crystals as they form, and the known rate 
of radioactive decay coupled with measured ratios of parent and daughter isotopes can 
yield formation ages to great precision (e.g. Amelin and Ireland (2013) and references 
therein). 
The date given by these geochronological clocks is not the absolute date of 
crystallisation or condensation of the rock/mineral, but rather the time at which the 
crystals in which the decay is occurring cooled below a certain temperature. Above 
this temperature, the daughter isotope is able to leave the crystal by diffusion, thus 
erroneously young ages would be given by dating a rock that has dwelled above this 
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temperature for a long time (less daughter isotope would be present than should be for 
a given decay duration). 
Equations that determine the closure temperature were formulated by Dodson 
(1973) and later refined by Ganguly and Tirone (1999; 2001). Their equations define 
closure temperature as a function of grain size and geometry, initial temperature, 
cooling rate and, importantly, diffusion rate as a function of temperature.  
Incorrect determination of diffusion rates as a function of temperature will lead to 
erroneous determinations of closure temperatures, which may then lead to incorrect 
interpretations of ages.  
 
 
 
Figure	  II.ii:	  Closure	  temperature	  for	  a	  system	  where	  the	  diffusion	  coefficient	  of	  the	  daughter	  isotope	  
is	  defined	  by	  logD=logD0+(350	  kJmol
-­‐1/(2.30*RT)),	  with	  logD0	  values	  from	  -­‐3	  (faster	  diffusion)	  to	  -­‐9	  
(slower	  diffusion)	  presented.	  Other	  parameters	  are	  shown	  in	  the	  figure.	  Faster	  diffusion	  leads	  to	  
lower	  closure	  temperatures.	  
	  
In Figure II.ii, the closure temperature for an imaginary system is presented. In 
this system, the daughter isotope diffusivity is defined by an Arrhenius relationship -
logD=[logD0]+([Ea] kJmol-1/(2.30RT)), where logD0 is the pre-exponential factor, Ea 
is the activation energy for diffusion, R is the gas constant and T is temperature, in 
Kelvins. The crystals in this model are assigned an arbitrary radius of 1 mm and peak 
temperature of 1300 °C.  
In this figure, the effect of incorrectly determined diffusion coefficients is 
shown by changing the pre-exponential terms (logD0) from -3 to -9 m2s-1. Six orders 
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of magnitude variation in determined diffusion coefficients is high, but not 
unrealistically so given the current state of published literature; the determined 
diffusion coefficients for REE in olivine at 1300 °C vary between logD -18.5  m2s-1 
(Cherniak, 2010) and -15.2 m2s-1 (Spandler and O’Neill, 2010), and Hf diffusion 
coefficients in olivine at 1275 °C vary between -20.2 m2s-1 (Remmert et al., 2008) and 
~-15.5 m2s-1 (Jollands et al. 2014 (presented in Chapter 1.5)). Clearly, for closure 
temperatures to be determined in a robust manner, the diffusion coefficients must 
firstly be tightly constrained. 
 
Robustness of melt inclusions 
Melt inclusions in natural olivines have the power to determine the 
composition of the melt from which the olivines crystallised (Schiano, 2003). 
However, in order for the major and trace element compositions of these melt 
inclusions to be preserved, diffusion through the host lattice must be sufficiently 
sluggish that the melt inclusion is not altered by diffusive loss or gain. This has been 
modelled mathematically by Danyushevsky et al. (2002b), Gaetani and Watson 
(2000) and Qin et al (2002) and experimentally studied by, among others, 
Danyushevsky et al. (2002a), Gaetani and Watson (2000), Gaetani et al (2012) and 
Spandler et al. (2007). 
Spandler et al. (2007) immersed olivines with melt inclusions into a trace 
element enriched basalt and measured the melt inclusion composition after various 
timescales of heating. They showed that after only several hours at 1300 °C, the REE 
composition of a melt inclusion could be modified.  
Their experiments were somewhat unrealistic given the very high levels of 
REE doping in the basalt, but make the important point that diffusion coefficients 
must be understood in order for any robust determination of melt composition from 
melt inclusions. In his review, Schiano (2003) stated that there is a “common 
assumption that, for olivine-hosted melt inclusions, relative concentrations of slow-
diffusing incompatible (with respect to the crystal structure) trace elements are 
preserved in the trapped melts”. Clearly, it is important to determine which elements 
are “slow diffusing” – this is related to the several orders of magnitude disagreement 
between diffusion coefficients determined by different researchers, as described 
above. 
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Point defect models 
The behaviour of point defects in ionic crystals must obey the principles of 
charge-balance. The addition of any positively charged species must be compensated 
by the removal of an equal charge. For example, forsterite (Mg2SiO4) is able to 
contain a small excess of Si4+ in tetrahedrally-coordinated interstitial sites, with 
charge-balance by removal of two lattice Mg2+, creating two Mg vacancies. In 
oxygen-deficient conditions, lattice O2- may leave the crystal structure and be 
replaced by two electrons in the conduction band (Smyth and Stocker, 1975; Stocker 
and Smyth, 1978).  
These observations are derived from classic experiments (Pluschkell and 
Engell, 1968) where the conductivity of forsterite was measured as a function of silica 
activity (aSiO2), oxygen fugacity (fO2) and temperature. They found, for example, 
that forsterite was more conductive in the presence of protoenstatite (Mg2Si2O6, high 
aSiO2) than periclase (MgO, low aSiO2), suggesting that Mg vacancies were 
responsible for ionic conductivity. 
However, these experiments studied the point defect populations at 
equilibrium. In diffusion experiments, a crystal (or polycrystal) is generally placed in 
contact with a diffusant source (solid, liquid or gas) at elevated temperatures. The rate 
of diffusion is controlled, at least in part, by the defect structure of the crystal. 
Therefore, the diffusion rate as a function of variables can allow the creation of point 
defect models, and, indeed, several of the fundamental studies from which the olivine 
models were derived were diffusion studies (Dohmen et al, 2007; Nakamura and 
Schmalzried, 1984).  
However, despite the relative complexity of these models, they are still only 
really applicable for olivine without trace elements, given the conditions of the 
original experiments. The next level of complexity in these models comes when small 
amounts of other elements are added, especially those which require charge balance in 
any way other than simple replacement of (Mg,Fe)2+, Si4+ or O2-.  
 
………………………………………………………………………………………….. 
 
For any of these determinations to be made from diffusion data, there must be 
rigorous work conducted to measure diffusivity of a variety of elements in relevant 
minerals. Diffusivity must be determined as a function of all (or as many as possible) 
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relevant variables, such as temperature, oxygen fugacity, crystal composition, 
chemical activities, crystal orientation, pressure, water fugacity and diffusant 
concentration.  
Formidable progress has been made in the last few decades in determining the 
rates of the most fundamental diffusive processes in olivine, that is, diffusion of the 
major elements. The inter-diffusion of Fe and Mg in the forsterite (Mg2SiO4) – 
fayalite (Fe2SiO4) solid solution has been studied, to some extent, as a function of all 
variables listed above such that it is now possible to determine, from experimental 
data, the diffusion coefficient of Fe-Mg interdiffusion at almost any condition 
relevant to geology (Chakraborty, 1997; Dohmen et al., 2007; Dohmen and 
Chakraborty, 2007; Holzapfel et al., 2007; Nakamura and Schmalzried, 1984; Petry et 
al., 2004). The only exception to this is the effect of chemical activities; no systematic 
study has been made on the effect of aSiO2 on the rate of diffusion – this is shown to 
be somewhat important to similar systems in this thesis – but this is unlikely to be 
problematic for petrological purposes as the most comprehensive studies (Dohmen et 
al., 2007; Dohmen and Chakraborty, 2007) were conducted with a slight silica excess 
so are directly relevant to most natural olivine-bearing systems. 
However, the same cannot be said for the diffusion of trace elements in 
olivine. Given the considerable disagreements between different researchers 
measuring diffusion of the same elements in very similar systems (as mentioned with 
respect to REE and Hf diffusion, above), it is not yet possible to identify systematics 
between diffusion of different ions in the olivine lattice. For example, increasing the 
charge of a diffusing cation can either lead to faster diffusion or slower diffusion, 
depending on which experimentally determined diffusion coefficients are considered - 
Spandler and O'Neill (2010) and Spandler et al. (2007) showed that trivalent cations 
diffuse at a very similar rate to, or very slightly faster than Fe-Mg interdiffusion, 
whereas using the coefficients of Cherniak (2010) would suggest that trivalent cations 
diffuse considerably slower than their divalent counterparts. 
In this thesis, attempts will be made to rectify such issues, by providing a 
robust framework by which trace element diffusion can be studied. Experimentally, 
this means investigating diffusion as a function of as many variables as possible, 
whilst maintaining a simple, well-controlled system. In terms of discussions, it means 
considering the interplay between kinetic processes (i.e. diffusion) and the currently 
much better understood field of equilibrium thermodynamics. Through these two lines 
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of investigation, it becomes possible to determine the previously elusive systematics 
between diffusion in different systems, and also help to shed light on some of the 
previous discrepancies between experimentally determined diffusion coefficients. 
 
III. Thesis outline 
The thesis is laid out in two sections, which include eight chapters dealing 
with the diffusion of a certain element in olivine (six in Section One and two in 
Section Two) and two introductory chapters (one for each section). Each chapter is 
intended to be semi-autonomous – they are designed to be readable as a single unit 
with minimal cross-referencing. However, the chapters also follow a progression from 
relative simplicity to complexity, so readers unfamiliar with the topics might find it 
instructive to read chapters in the order presented herein. 
The first section deals almost entirely with experiments conducted at one 
atmosphere pressure, i.e. in gas-mixing or box furnaces. In this section, each chapter 
adds a layer of complexity onto the system presented in the previous. The first chapter 
introduces diffusion of Mg in forsterite (Mg2SiO4) – it is within the context of 
understanding Mg diffusion that the diffusion of any other cations replacing Mg 
should be studied. Next, the concepts involved in studying trace element diffusion are 
presented, with Be2+ as the type example. Then the complications that arise from 
charge-balance are presented by studying diffusion of Sc3+ in forsterite, and this 
theme is continued with a study of Zr4+ and Hf4+ diffusion. The next layer of 
complexity comes when the diffusing cation has the possibility of more than one 
valence state – the diffusion of Cr2+ and Cr3+ are presented for exemplification. To 
conclude section one, the most complex diffusion in a seemingly simple system is 
presented – for this Ti is chosen – it exists not only in two valence states (Ti3+ and 
Ti4+) but also in two coordination environments (it can replace both Mg2+ and Si4+ in 
Mg2SiO4). 
Throughout section one, only the concentrations of diffusing elements are 
presented (except in the case of Cr2+ and Cr3+, where the concentrations of each 
valence state are also determined). In section two, the point defects occupied by the 
diffusing cation (H+) are considered along with its concentration through the use of 
infrared spectroscopy. This allows different pathways of diffusion and different 
substitution mechanisms to be identified, even in relatively simple, well-constrained 
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systems. The first chapter of section two presents a robust new method for measuring 
hydrogen diffusion and considers the effect of hydrogen addition on Ti-bearing point 
defects that might be unstable, or metastable. In the second chapter, this is extended to 
consider the effect of diffusing hydrogen on the valence state and coordination 
environment of Cr in olivine. 
As the considerable complexity of diffusion in olivine will be presented in 
these eight chapters, the final part of the thesis will attempt to provide a practical 
outlook and simplified framework for those wishing to use diffusion data to solve 
geological problems. In terms of outlook, a series of experimental campaigns will be 
suggested to help elucidate some of the open questions left in this study. The 
framework will suggest systems where the diffusion coefficients are now understood 
well enough to attempt to recover timescales from trace element diffusion profiles.  
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SECTION ONE 
 
 
 
Simple systems  
at atmospheric pressure 
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1.1 Introduction and methods for Section One 
1.1.1 Fundamental principles 
 
The diffusion of several cations (Mg2+, Be2+, Sc3+, Zr4+, Hf4+, Ti3+, Ti4+, Cr2+, 
Cr3+) in olivine at various temperatures between 950-1600 °C and atmospheric 
pressure are presented in this section.  
The section follows a progression from relative simplicity to complexity, 
starting with determinations of Mg2+ diffusion in pure forsterite (Mg2SiO4), i.e. the 
diffusion of the octahedral sub-lattice itself. The most complex ‘simple’ system 
investigated, involving Ti diffusion, is presented last. The complexities appear 
because Ti can exist both in two valence states and in two coordination environments. 
However, this was not the order followed in conducting the diffusion experiments 
over the duration of this doctoral programme; ironically, the temporal progression of 
the research was almost exactly opposite to the order in which it is presented (Ti 
diffusion was studied first, Be and Mg were last).   
In all cases, the experiments follow the same basic principles – temperature 
and oxygen fugacity (plus pressure) are controlled by the furnace conditions, and 
chemical potentials are controlled by the experiments (crystal-source diffusion 
couples) themselves. 
According to Gibbs’ phase rule (Gibbs, 1876) in a one-component system, 
such as pure periclase (MgO) or quartz (SiO2), one phase is sufficient to fully buffer a 
system in P-T invariant conditions. In a two-component system, two phases are 
necessary, three components require three phases and so on. Pure forsterite (end 
member olivine, Mg2SiO4) has two components – MgO and SiO2, hence the chemical 
activities of these components in forsterite may be buffered in two ways. Deviations 
from Mg2SiO4 stoichiometry towards SiO2 lead to formation of forsterite plus 
enstatite, or protoenstatite at high temperatures (over around 1000 °C), and in the 
opposite case, forsterite plus periclase.  
This has a large effect on the activity of silica (Figure 1.1.1), which, in classic 
equilibrium experiments, has a sizeable effect on the point defect population of 
forsterite (e.g. Pluschkell and Engell,1968; Smyth and Stocker, 1975; Stocker and 
Smyth, 1978). 
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Figure	  1.1.1:	  The	  effect	  of	  buffering	  assemblage	  and	  temperature	  on	  silica	  activity	  at	  1	  bar.	  Fo-­‐en	  and	  
fo-­‐prEn	  are	  forsterite	  plus	  enstatite	  or	  protoenstatite,	  respectively.	  Fo-­‐per	  is	  forsterite	  plus	  periclase.	  
The	  values	  of	  aSiO2	  are	  calculated	  according	  to	  ln(aSiO2)=–ΔGr/RT	  for	  the	  reactions	  
forsterite=(proto)enstatite	  +	  beta	  quartz	  or	  2	  x	  periclase	  +	  beta	  quartz	  =	  forsterite	  using	  
thermodynamic	  data	  from	  Holland	  and	  Powell	  (2011).	  This	  method	  for	  calculating	  aSiO2	  is	  described	  
in	  Zhukova	  et	  al.	  (2014).	  
	  
This in turn is expected to largely influence the rate, and potentially 
mechanism, of diffusion (Zhukova et al, 2014). The same principles are valid in three 
component systems – three components require three phases for full control. The 
relevant ternaries for the systems studied in this section are presented in the relevant 
chapters. The MgO-SiO2-BeO, MgO-SiO2-ZrO2 and MgO-SiO2-HfO2 ternaries are 
straight forward as they do not include any redox variability. The MgO-SiO2-Cr2O3 
and MgO-SiO2-TiO2 systems include the polyvalent Cr (Cr2+ and Cr3+) and Ti (Ti3+ 
and Ti4+), hence oxygen becomes a component, so instead the systems can be 
described as Mg-Si-Cr-O and Mg-Si-Ti-O, respectively. Rather than including a 
fourth phase, the oxygen fugacity, fO2, is controlled instead. The MgO-SiO2-Sc2O3 
system has not been studied – the relevant phase diagram is partially based on 
observations from this study (Chapter 1.4).  
In all of the studies presented herein (except Sc, where the focus of the study 
was different), all assemblages that include forsterite on one apex were synthesised – 
methods of synthesis are given below. 
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1.1.2 Methods 
In this section, the ‘basic’ methods common to all studies in Section one are 
presented. Small differences, generally between the focus of the studies presented in 
each chapter, or in terms of experimental limitations for each system, meant that small 
variations in methodology were necessary. These are presented in their relevant 
chapters, as required. The methods presented here are not specific to any system, so 
should be readily changeable to investigate diffusion of any element in any mineral. 
 
1.1.2.1 Crystal preparation 
1.1.2.1.1 Synthetic forsterite 
A crystal of synthetic forsterite, grown by the Czochralski process 
(Czochralski, 1918) along [100] (i.e the a-axis) was cut using a diamond impregnated 
circular saw, firstly into ~2mm thick slices parallel to (100) then into 2-3 mm cubes 
with the mutually perpendicular faces parallel to (100), (010) and (001). The crystal 
structure is shown in Figure 1.1.2. The second cuts (generally parallel to (010)) were 
guided by crystal faces developing on the side of the large synthetic crystal.  
 
 
Figure	  1.1.2:	  Olivine	  crystal	  structure	  (forsterite).	  Cubes	  are	  cut	  with	  at	  least	  one	  face	  parallel	  to	  (001),	  
(010)	  or	  (100)	  to	  investigate	  diffusion	  in	  the	  [001],	  [010]	  or	  [100]	  directions	  (c,	  b	  and	  a	  axes)	  
respectively.	  
	  
The single crystal forsterite has very low concentrations of trace elements – 
these are reported in Zhukova et al (2014). The only elements with notable (>1 ppm) 
concentrations are Sc (2.1 ppm), Mn (2.4 ppm), Co (24 ppm) and Al (15 ppm). 
In this thesis, for the sake of consistency, the Miller indices will be used to 
describe crystal orientations – [001], [010] and [100] represent the c, b and a axes 
(z,y, and x) and (001), (010) and (100) are their perpendicular planes. 
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These cubes were then mounted in 1 inch epoxy discs, normally 15-20 per 
disc, and polished using p800-p1200 SiC paper, followed by 6 µm and 1 µm diamond 
paste on cloth polishing laps. Only one face of each cube was polished; in the 
opposite face of the cube a mark was gouged into the crystal to distinguish between 
different faces. This polishing method is considerably faster and easier than polishing 
single slabs of the crystal and then cutting into cubes, but inevitably leads to some 
crowning (the centre of the cube is slightly higher than the edges). The magnitude of 
this crowning is only on the order of several micrometres – orders of magnitude 
smaller than the length of diffusion profiles.  
These crystals were then removed from the epoxy, heated to around 600 °C to 
remove any residual traces of organics, then cleaned ultrasonically in ethanol, and 
dried. 
 
1.1.2.1.2 San Carlos olivine 
Large single crystals of San Carlos olivine (Galer and O’Nions, 1989) with 
visible cleavage planes were selected and oriented using single crystal X-ray 
diffraction. Where the cleavage plane corresponded to a crystallographic axis 
according to XRD (olivine often cleaves poorly along (010)), a cut was made parallel 
to this surface. The slab was then oriented using extinction angles with a petrological 
microscope, and the two mutually perpendicular cuts were made. With one oriented 
plane, the optical indicatrix should correspond to the three principal axes. These cubes 
were then mounted and polished using the same method as the pure forsterite, 
although the final heating step to remove organics was not conducted (to avoid 
oxidising the olivine), rather the crystals were removed by heating the mounts to 
around 100 °C and bending the softened epoxy, upon which the crystals generally 
popped out. 
 
1.1.2.2 Diffusion source / chemical activity buffer preparation 
1.1.2.2.1 Synthesis from oxide powders 
The masses of each oxide component required to produce approximately 1:1:1 
(molar proportions of each phase) three phase assemblages were weighed, then mixed 
under acetone in an agate mortar. Prior to weighing, hygroscopic oxides (most 
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notably MgO, but also SiO2, TiO2) were fired in Pt crucibles at 1000 °C for at least 4 
hours. This step is generally applied in experimental petrology, but is not extremely 
important when attempting to synthesise three-phase assemblages where small 
variations in relative oxide percentages will not affect which phases are produced. 
After grinding in agate, normally for 20 minutes to 3 hours (longer times when 
using automated mortars), the acetone was thoroughly dried off and the powders were 
pressed into pellets using a tungsten carbide dye. The pellets were then either sintered 
directly in a box furnace at 1200-1300 °C on a Pt lid (TiO2, 26MgO and BeO 
assemblages), or were hardened at 1000 °C (in a box furnace) then wrapped in Pt wire 
and hung in a gas mixing furnace (for HfO2 and Cr2O3 assemblages). The HfO2 
assemblages required sintering at 1400 °C, beyond the limit of the available box 
furnaces, and the Cr2O3 assemblages were sintered in an atmosphere of CO2 gas to 
stop volatilisation of CrO3 (i.e. Cr6+) (Graham and Davis, 1971; Ownby and Jungquis, 
1972). 
The pellets were then reground into powders, and phases verified by XRD. 
 
1.1.2.2.2 Synthesis from gels 
Slightly more complex than the powder method, but advantageous when either 
dealing with unreactive components (ZrO2) or where small concentrations are needed 
(for Sc2O3 experiments) is synthesising mixes from liquids – i.e. the sol-gel method 
(Luth and Ingamell, 1965; Hamilton and Henderson, 1968). 
Producing a mix with homogeneously distributed trace elements on the ~10 
ppm scale is straightforward when using a liquid – a few minutes of magnetic stirring 
is likely sufficient. Oxides precipitated from a liquid have very small grain sizes, 
hence large surface areas, so are generally more conducive to solid state sintering than 
when formed from off-the-shelf oxide powders. 
Firstly, Mg (turnings) is dissolved in nitric acid in a teflon beaker to form a 
magnesium nitrate solution. In the case of Zr, zirconyl nitrate solution was added, and 
for Sc, Sc2O3 powder was added and mixed until dissolved. The acid mix is slowly 
evaporated on a hot plate, whilst being magnetically stirred. When the mix is 
sufficiently concentrated Si is added as tetraorthoethylsilicate (TEOS) and mixed. 
Concentrated ammonia is then dropped into the mix, which precipitates a white gel. 
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This is continued, slowly, with only gentle stirring, until ammonia is in excess 
(verified by smell). 
The beaker is then transferred back onto the hot plate, and left, generally 
overnight, at ~150 °C. The dry residuum is then transferred into a Pt crucible and 
heated over a Bunsen burner in a fume hood until visible gases are no longer being 
evolved. The crucible is then placed into a box furnace and heated to 1000 °C for 2-4 
hours to thoroughly devolatilise the powder. 
After this step, the powder has normally flocculated, so is ground under 
acetone in an agate mortar, then pressed into pellets and sintered in the same way as 
the oxide powder mixes (box furnace, 1300 °C, 24-48 hours).  
 
1.1.2.3 Preparation and implementation of diffusion experiments 
The powders were coupled to the crystals using polyethylene oxide glue. 
Polyethylene oxide powder was mixed with deionised water to form a viscous liquid, 
which was then mixed with the diffusion source powder to form a thick paste. This 
was applied to the polished surface of the crystals with a spatula (Figure 1.1.3a), and 
the crystal-paste couples were left in a drying oven (90-110 °C) for up to 48 hr until 
the paste no longer appeared wet.  
In almost all experiments, the crystals were then placed on either a bed of 
forsterite, forsterite+(proto)enstatite or MgO on Pt (either in a crucible, on a lid or in a 
1.5x1.5 cm tray) and placed into a box furnace or gas mixing furnace. The Pt trays 
were designed to take up to 12 crystals at once in the vertical gas-mixing furnace. 
The exception to this experimental design was the very low fO2 Cr diffusion 
experiment, where the crystal-powder couple (using chromium carbide, rather than 
magnesiochromite as the Cr source) was placed into a graphite holder, surrounded by 
loosely packed graphite powder, and run under pure CO gas. This design is presented 
in O’Neill and Berry (2006) and described in more detail in Chapter 1.6. 
 
1.1.2.4 Analytical methods 
1.1.2.4.1 Preparation 
Following diffusion anneals, the cubes were recovered from the furnace with 
no quenching attempted (early attempts at quenching into water or onto metal led to 
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the crystals shattering). Where possible, the buffer powder was removed using a 
scalpel and saved for XRD if necessary. If partial melting, or some reaction, had 
occurred, or the amount of buffer powder was very small (in 26Mg diffusion 
experiments, for example), the powders were left on to avoid possibilities of 
fracturing the diffusion interface Figure 1.1.3b). 
The cubes were then mounted in epoxy, and either ground down by 300-600 
µm using SiC paper or a diamond impregnated grinding wheel to reveal the interior of 
the cube, or cut in half with a 120 µm wafering blade and remounted in the 
perpendicular orientation for the same reason. These were then polished using p1200 
SiC paper, followed by 6 µm and 3 µm diamond paste on cloth laps, for LA-ICP-MS 
analysis. For EPMA or SHRIMP, extra polishing steps (1 µm and 0.25 µm) were 
taken, and for EBSD 0.05 µm alumina on a vibratory polisher followed by 0.05 µm 
colloidal silica on a cloth lap were used.  
 
 
Figure	  1.1.3:	  Experiments	  and	  analyses.	  (a)	  Cube	  of	  forsterite	  with	  polyethylene	  oxide	  glue	  plus	  buffer	  
powder	  pasted	  onto	  the	  polished	  surface	  (note	  other	  surfaces	  are	  not	  polished).	  (b)	  Post	  diffusion	  
anneal,	  the	  crystal	  is	  mounted	  in	  epoxy	  and	  polished.	  In	  this	  case,	  buffer	  powder	  was	  not	  removed.	  (c)	  
Cartoon	  of	  laser	  transect.	  The	  beam	  is	  focused	  into	  ~6x100	  µm	  and	  driven	  from	  the	  core	  to	  the	  edge	  
of	  the	  crystal.	  (d)	  Photomicrograph	  corresponding	  to	  (d)	  showing	  laser	  track	  after	  analysis.	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1.1.2.4.2 LA-ICP-MS 
The vast majority of analyses in this thesis were conducted using Laser 
Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS), which, 
when optimised, was able to give sub- parts per million detection limits without any 
major compromise in terms of spatial resolution (when compared to EPMA). 
Most analyses were conducted using the scanning LA-ICP-MS technique that 
has been used in several published studies from this research group (Spandler and 
O'Neill, 2010; Zhukova et al., 2014). In this method, the stationary laser beam is 
tuned into an elongated slit with approximate dimensions 6x100 µm, which is aligned 
with the long axis parallel to the diffusion interface (the short axis parallel to the 
diffusion direction). The micrometer controlled mobile stage is then moved beneath 
the stationary beam, usually at 1 µm per second (computer-controlled), such that the 
laser tracks from the core to the rim of the crystal, i.e. from low to high diffusant 
concentration (Figure 1.1.3c,d). 
The ablatant is drawn out of the cell via He-Ar carrier gas into an Agilent 
7700 ICP-MS. The mass spectrometer counts continuously (around once every 
second) over the course of the laser scan, such that the data density is generally 
around one data point per micrometre, although each laser pulse samples a ~6 µm 
wide area. Generally, each analysis sampled only 3-6 different atomic masses. In all 
analyses in synthetic forsterite, 25Mg and 29Si (internal standard) were counted for 
0.01 s, and 27Al and 57Fe (probable contaminants) for 0.05 s. Depending on isotopic 
abundances and concentrations, the masses of interest were counted for 0.2-0.8 s. For 
experiments in San Carlos olivine, the counting time on 57Fe was reduced to 0.01 s. 
The counting times for each experimental set are presented in their relevant chapters. 
For most analyses, NIST 610 glass was used as a primary standard, with NIST 
612 glass as secondary. Values of concentration of elements in the reference materials 
were taken from Jochum et al. (2011). Analyses of NIST glasses were conducted in 
the same way as the unknowns, scanning the slit-shaped laser beam across the 
standard surface. 
Data were processed using Iolite freeware (Paton et al., 2011) which is 
advantageous as it fits polynomial splines to baselines and standard values over the 
entire analytical session. The data were then trimmed such that only the data collected 
inside the crystal remained – this was done using a rapid drop in Si counts (as the 
laser beam moves away from the crystal into epoxy) to identify the interface. This 
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drop in Si counts is associated with a spike in diffusant counts, as the laser moves 
over the buffer material. As the laser beam is approximately 6x100 µm in size, the 
assumption is made that the point closest to the interface is measured at exactly 3 µm 
away. Assigning the interface a distance value of 3 µm or 0 µm has no real effect on 
long profiles (i.e. ≥100 µm) but can lead to notable differences in extrapolated 
interface concentrations or diffusion coefficients when profiles are less than around 
50 µm long.  
 
1.1.2.5 Treatment of diffusion profiles 
Given the variety of shapes of diffusion profiles (i.e. relating to different 
mechanisms of diffusion) several methods were used to describe diffusivity. In this 
introduction, only the simplest methods are presented – where further complexity was 
encountered this is described in the relevant chapters. 
Diffusion coefficients, in simple cases, are independent of the concentration of 
diffusant. This is not to be confused with the diffusive flux (the total movement of 
diffusant) which is dependent on concentration. In the simplest case, we assume 
initial conditions of a step function, where the concentration at the interface is 
maintained at a single, constant value throughout the experiment. This assumes either 
that the diffusion from the source to the interface is considerably faster than diffusion 
through the crystal, or that the diffusant concentration is much lower in the crystal 
than the source, such that the source remains at the same concentration despite flux 
into the crystal. As diffusion is described by a single coefficient (D), an analytical 
solution is available and presented in Crank (1975), which also assumes diffusion is 
one dimensional and that the crystal is semi-infinite: 
 
C(x)=Crim × erfc
x
4Dt
⎛
⎝⎜
⎞
⎠⎟
 
(	  1.1:1	  )	  
 
 
In ( 1.1:1 ), C(x) is the concentration of the diffusant at position x, Crim is the 
concentration of diffusant at the crystal rim (Crim is used to avoid ambiguity with the 
terms Ci, C0 and C1 used interchangeably between studies) erfc is the complimentary 
error function (erfc(z)=1-erf(z)), x is the distance from the interface in metres, t is the 
time in seconds and D is the diffusion coefficient, in m2s-1. Conventionally, D is 
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presented as its base-ten logarithm, logD. The effect of t and D on model diffusion 
profiles is shown in Figure 1.1.1. 
 
 
Figure	  1.1.4:	  Example	  diffusion	  profiles	  according	  to	  equation	  (	  1.1:1	  ).	  (a)	  The	  effect	  of	  changing	  t	  at	  
fixed	  logD.	  (b)	  The	  effect	  of	  changing	  logD	  at	  fixed	  t.	  	  
	  
	  	  
The above equation describes a condition where the background concentration 
is zero. This can be modified to include a term describing a non-zero background 
concentration, Ccore: 
 
C(x)=Ccore +(Crim - Ccore )× erfc
x
4Dt
⎛
⎝⎜
⎞
⎠⎟
 
(	  1.1:2	  )	  
 
 
Measured diffusion profiles were fitted to these equations using curve fitting apps on 
either KaleidaGraph (Synergy) or Matlab (Mathworks), or using solver toolpack on 
Excel (Microsoft). Curve fitting is highly sensitive to outliers, so these were removed 
as needed to ensure an acceptable fit to the majority of the data. The most common 
source of outliers were spikes on LA-ICP-MS transects – these occur when the laser 
ablates a small amount of buffer material that has become dislodged during polishing 
and has not been adequately cleaned from the polished surface. Errors were estimated 
as either the standard deviation of several (≥5) repeat analyses or 95% confidence 
limits on single curve fits. 
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1.2 New constraints on 26Mg diffusion in pure forsterite: 
temperature-dependent effect of chemical activity and the use of 
LA-ICP-MS to measure isotope tracer diffusion profiles 
 
Abstract 
Mg diffusion in single crystals of pure forsterite was measured at activities of 
silica (aSiO2) buffered by forsterite+protoenstatite or forsterite+periclase using 26Mg-
enriched powder sources. Experiments were conducted at 1 bar between 1250-1600 
°C. Measurements of the resulting diffusion profiles were primarily conducted using 
LA-ICP-MS with a quadrupole mass spectrometer, and corroborated by ion probe 
measurements using SHRIMP-RG. LA-ICP-MS and SHRIMP-RG measurements of 
the diffusivity of Mg (24Mg, 25Mg and 26Mg) are in agreement, but their 
determinations of isotope ratios have some disagreement. 
Diffusion is faster in protoenstatite buffered conditions than when buffered by 
periclase (that is, faster at high aSiO2 than low aSiO2). This is shown to be the reason 
for an order of magnitude disagreement between two historic studies.  
The activation energy for diffusion at protoenstatite-buffered conditions  
(491±9 kJmol-1) is higher than in periclase-buffered conditions (378±5 kJmol-1), 
predicting that below around 1100 °C, aSiO2 will have no effect on 26Mg diffusion in 
pure forsterite. There is no clear dependence of diffusion on oxygen fugacity (fO2). 
Diffusion is fastest along [001] and slowest along [100] with [010] intermediate. 
 
1.2.1 Introduction 
Understanding the kinetic behaviour of the major elements of a crystal is the 
first step towards interpretation of any natural or experimentally-derived minor or 
trace element diffusion profiles.  
In olivine, (Mg,Fe)2SiO4, there is generally good agreement that Si tracer/self-
diffusion is the slowest of the major elements (e.g. Bejina et al., 1999; Costa and 
Chakraborty, 2008; Dohmen et al., 2002b; Fei et al., 2012), Mg self/tracer or Fe-Mg 
inter-diffusion (e.g. Chakraborty, 1997; Dohmen et al., 2007; Dohmen and 
Chakraborty, 2007) is the fastest, and O diffusion is intermediate (e.g. Ando et al., 
1981; Dohmen et al., 2002b; Jaoul et al., 1980; Reddy et al., 1980).  
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Most of the transition metals, all the rare earth elements and some other 
notable elements (Li+, Ca2+, Be2+, H+) substitute in and diffuse through olivine on the 
octahedral sites (Coogan et al., 2005; Demouchy and Mackwell, 2003; Dohmen and 
Chakraborty, 2007; Dohmen et al., 2010; Evans et al., 2008; Mallmann and O'Neill, 
2009; Petry et al., 2004; Spandler and O'Neill, 2010; Spandler et al., 2007; Zhukova 
et al., 2014), replacing Mg or Fe. Therefore, when interpreting data from olivines with 
natural compositions (i.e. in the forsterite-fayalite solid solution), the classic studies 
of Chakraborty (1997), Dohmen et al. (2007), Dohmen and Chakraborty (2007) and 
Nakamura and Schmalzried (1984), who all studied Fe-Mg inter-diffusion, are 
invaluable. These studies allow the experimentalist to determine whether their 
element of interest diffuses faster, slower or at the same rate as self-diffusion on the 
octahedral matrix itself, and thus gain some information regarding diffusion 
mechanisms.  
However, in pure forsterite, the favoured end member for experimental 
petrology (given its considerably wider stability range in P, T, fO2 space compared to 
natural olivine), there is some uncertainty in the Mg self or tracer diffusion 
coefficients. The results of Chakraborty et al. (1994) are in acceptable agreement with 
those of Andersson et al. (1989) given the differences in experimental methodologies 
and starting materials, with the discrepancy generally less than half an order of 
magnitude. However, these both disagree with the determinations of Morioka (1981), 
who found diffusion to be faster, although the studies of Morioka (1981) and 
Chakraborty (1994) overlapped in temperature only at 1300 °C. At 1300 °C, Morioka 
(1981) gives Mg log diffusion coefficients of -15.5 ± 0.1 m2s-1, whereas Chakraborty 
(1994) gives -16.5 ± 0.2 m2s-1, i.e. an order of magnitude difference. This is slightly 
misleading, as the 1300 °C point of Chakraborty et al. (1994) falls slightly below their 
Arrhenius curve – the model diffusivity at this temperature is around -16.3 m2s-1. 
What is clear, however, is that the activation energies in the two studies are different – 
Morioka (1981) measured an activation energy of 444 kJmol-1 whereas the 
determination of Chakraborty et al. (1994) was 400 kJmol-1 (but with an error of 80 
kJmol-1).      
In this study, we resolve this discrepancy by showing that seemingly 
unimportant choices in experimental design can have a considerable effect on the 
determined diffusion coefficients. In addition, we consider the effect of oxygen 
fugacity in an attempt to elucidate further the influence of the anionic - on cation 
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diffusion. This study also demonstrates the usefulness of standard quadrupole-based 
LA-ICP-MS as a low-cost, time-effective and readily accessible means of measuring 
experimental self-diffusion profiles using isotopically enriched sources. 
 
1.2.2 Methods 
1.2.2.1 Experimental 
The standard powder source method was used for this study. 26MgO (99.62% 
26Mg, obtained from Isoflex USA) was mixed with reagent grade MgO and SiO2 in 
proportions calculated to give either Mg2SiO4+Mg2Si2O6 (forsterite-protoenstatite, fo-
prEn) or Mg2SiO4+MgO (forsterite-periclase, fo-per) assemblages.  
This experimental design was adapted in light of an earlier experience 
(Jollands et al, 2014, and Chapters 1.3-1.7), in which all crystal-powder couples, 
regardless of aSiO2, were placed on a bed of single-phase forsterite powder. Attempts 
to run without a powder bed led to a small degree of welding between the Pt and 
forsterite, leading to inevitable crystal cracking. The problem with this is that the 
‘pure’ forsterite powder has an intrinsic, and unknown aSiO2 buffering capacity; it 
will have either a very slight excess of SiO2 or MgO, even though this might be below 
detection limits of usual methods (e.g. XRD).  In other experimental studies (all later 
chapters in Section One) this was not problematic as a large quantity of diffusant 
source powder was glued onto the crystal in each experiment (Jollands et al., 2014; 
Zhukova et al., 2014), hence the buffering capacity of the diffusant source exceeded 
that of the forsterite powder bed on which the crystal-powder couple sat. In this study, 
however, the extremely high cost of 26MgO meant that only very small amounts of the 
buffer powder were used for each experiment. As a result, in some early experiments 
the periclase-buffered assemblage gave identical diffusion to the proto-enstatite 
buffered experiments; this is likely to be a result of interaction between a small SiO2 
excess in the “pure” forsterite powder and Mg2SiO4 plus MgO in the 26Mg source 
powder, to form forsterite plus protoenstatite assemblages. Where there was 
ambiguity, experiments were repeated using MgO or Mg2SiO4-Mg2Si2O6 powder 
beds, which eliminated the problem.  
Preparation for LA-ICP-MS and SHRIMP-RG analyses were conducted using 
the standard method (Chapter 1.1). 
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1.2.2.2 Analytical 
1.2.2.2.1 LA-ICP-MS 
LA-ICP-MS analyses were conducted using the standard methodology, 
scanning a slit-shaped beam from the core to rim of mounted crystals. 24Mg (major 
isotope) was counted for 0.1s and 25Mg and 26Mg for 0.3s. 29Si, 57Fe and 27Al were 
also counted according to the standard methodology. NIST 610 glass was used as the 
primary standard to quantify Fe and Al only – but no notable contamination was 
found.  
Initially, profiles were corrected by assuming that the core of the pure 
forsterite contains the natural abundance of Mg isotopes (78.99% 24Mg, 10.00% 25Mg 
, 11.01% 26Mg). The correction factors varied both between and within analytical 
sessions, based on ICP-MS tuning, laser fluence etc. However, as correction makes no 
difference to the determined rate of diffusion (it only translates the Mg isotope 
profiles up or down), the uncorrected count intensity ratio was preferentially used 
instead - the data were simply converted to counts per second (cps) then divided by 
total Mg (cps) in order to remove scatter from variable ablation efficiency: 
 
  
26Mg
ΣMg =
26Mg(cps)
24Mg(cps) +25 Mg(cps) +26 Mg(cps)( )  
(	  1.2:1	  )	  
 
 
1.2.2.2.2 SHRIMP-RG 
The reverse-geometry sensitive high-resolution ion microprobe (SHRIMP-
RG) operating at mass resolution of ~5000 was used for secondary ion mass 
spectrometry (SIMS) measurements. Secondary ions were sputtered by an O2- primary 
beam (0.2 nA beam current) with a 5 µm diameter spot. The 45 ° incidence angle of 
the primary beam in SHRIMP-RG means that the spot is slightly elongated into an 
ellipse, hence samples were oriented such that the short axis of the ellipse was parallel 
to the diffusion direction to obtain the maximum possible spatial resolution. 
Following a 2 minute raster, the masses analysed (with no energy offset) were 24, 25 
and 26 (2s) and 29.  
Count intensity ratios were simply calculated as xMg/ΣMg, as for LA-ICP-MS 
analyses above. Uncorrected count intensity ratios from SHRIMP-RG generally 
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reproduced the natural abundances of Mg isotopes more closely than LA-ICP-MS (i.e. 
correction factors were closer to one). 
The positions of the SHRIMP spots were determined post-analysis by taking 
high resolution photomicrographs then measuring distances from the interface using 
ImageJ (http://imagej.nih.gov/ij/). Where spots overlapped, the spacing was assumed 
to be equidistant between each analysis. 
For the shortest profiles, the stage was moved one step (~3 µm) between each 
analysis, such that adjacent analyses partially overlap. To determine if edge effects 
affected the measured ratios, one profile (1250 °C, forsterite-periclase buffered 
experiment) was measured both forwards (away from the interface) and backwards 
(towards the interface). Both profiles are shown in Figure 1.2.1 with no apparent 
outside error disagreement. 
 
 
Figure	  1.2.1:	  The	  shortest	  26Mg/ΣMg	  diffusion	  profile	  from	  this	  study	  measured	  both	  forwards	  (away	  
from	  interface)	  and	  backwards	  (towards	  interface).	  The	  spots	  are	  ~5	  µm	  wide,	  and	  spacing	  is	  ~3	  µm.	  
Edge	  effects	  (analyzing	  the	  same	  point	  repeatedly)	  do	  not	  appear	  to	  affect	  the	  26Mg/ΣMg	  ratio.	  
	  
 
1.2.2.3 Extraction of diffusion coefficients from the measured profiles 
Interpreting the observed diffusion profiles is complicated by the decrease of 
26Mg in the diffusant source as it exchanges with the Mg in the crystal. Therefore, two 
analytical solutions to Fick’s second law were used to determine diffusion 
coefficients.  
Firstly, we assume that the interface concentration of 26Mg (Crim) decreases 
linearly as a function of time, i.e. 
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Crim,t=t =  Crim,t=0 +  kt  (	  1.2:2	  )	  
 
Where Crim,t=t  is the interface concentration at any given time (t, seconds) and k is a 
constant (positive or negative). The assumption of linear decrease is unlikely to be 
accurate, but the real change in interface concentration is governed both by the 
amount of 26Mg incorporated into the crystal by diffusion (approximately proportional 
to the square root of time) and the rate at which 26Mg is transferred through the buffer 
to the interface (unknown). A linear decrease is therefore assumed as the simplest 
solution.  
Then, ( 1.2:3 ) from Crank (1975) describes the concentration of the diffusant 
(C(x,t)) as a function of distance (x) and time: 
 
  
C(x,t) =  (Crim -  Ccore). erfc 
x
4Dt
⎛ 
⎝ 
⎜ 
⎞ 
⎠ 
⎟ + 4kt i2erfc x4Dt
⎛ 
⎝ 
⎜ 
⎞ 
⎠ 
⎟ 
⎛ 
⎝ 
⎜ 
⎞ 
⎠ 
⎟ +  Crim  
(	  1.2:3	  )	  
 
 
Ccore is the background concentration, D is the diffusion coefficient (m2s-1) erfc is the 
complimentary error function and i2erfc is the integral of the complimentary error 
function. The i2erfc term is tabulated in Crank (1975), but can be evaluated as: 
 
  
i2erfc(z) = 14 . erfc(z) -  2z.
exp(-(z2))
π
- z. erfc(z)
⎛ 
⎝ 
⎜ 
⎞ 
⎠ 
⎟  
(	  1.2:4	  )	  
 
 
Equation ( 1.2:3 ) is modelled both as a function of changing k and increasing t in 
Figure 1.2.2. Importantly, a more negative value of k leads to stronger depletion at the 
interface, but does not change the scale of diffusivity (inset). 
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Figure	  1.2.2:	  Modeling	  of	  equation	  (	  1.2:3	  ).	  Top:	  the	  effect	  of	  varying	  k	  (the	  interface	  depletion	  term).	  
Depletion	  only	  affects	  the	  first	  ~1/3	  of	  the	  profile,	  the	  end	  of	  the	  profile	  does	  not	  change	  (inset).	  
Bottom:	  time	  evolution	  of	  a	  profile	  with	  fixed	  k.	  	  
	  
As a result, the diffusion profiles can also be fitted to the solution of Fick’s 
second law for one-dimensional, concentration-independent diffusion with constant 
interface concentration into a semi-infinite medium (with non-zero background 
concentration) from Crank (1975) (described in Chapter 1.1). Best fits to this equation 
( 1.1:2 ) occur when the near interface region of the diffusion profiles (i.e. the region 
of depletion) are removed from curve-fitting; this consistently gives diffusion 
coefficients within 0.05 logD units of the coefficients derived using ( 1.2:3 ) (Figure 
1.2.3). As a result, ( 1.1:2 ) was used in preference to ( 1.2:3 ) for most curve fits - ( 
1.2:3 ) is probably more rigorous but makes the assumption of a linear decrease at the 
interface, whereas using ( 1.1:2 ) and removing the interface region makes no such 
assumptions.   
The same issue was encountered by Chakraborty et al. (1994), who 
determined that fitting to a similar equation which assumed a depleting interface gave 
results within 0.1 logD units of fits to equation ( 1.1:2 ), so also used the constant 
interface solution despite minor depletion. 
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Figure	  1.2.3:	  A	  26Mg/ΣMg	  profile	  showing	  interface	  depletion	  fitted	  to	  both	  equations	  (	  1.2:3	  )	  and	  the	  
conventional	  error	  function	  (see	  Chapter	  1.1).	  	  The	  fit	  to	  equation	  (	  1.1:2	  )	  ignores	  the	  near	  interface	  
region.	  The	  two	  fits	  agree	  within	  0.05	  logD	  units.	  
	  
 
1.2.3 Results 
All results are presented in Table 1.2.1, with some example diffusion profiles 
presented in Figure 1.2.6.  
 
1.2.3.1 LA-ICP-MS vs SHRIMP-RG 
As this is the first time (to the author’s knowledge) that isotopic diffusion has 
been measured using conventional LA-ICP-MS (with a quadropole rather than a 
multicollector, and a standard eximer laser (rather than a femtosecond laser)), ion 
probe measurements were also undertaken to validate the new method. Figure 1.2.4 
shows 26Mg/ΣMg (diffusion in) and 24Mg/ΣMg (diffusion out) from one experiment 
measured by both SHRIMP-RG and LA-ICP-MS. In this case, LA-ICP-MS 
overestimates the amount of 26Mg and underestimates 24Mg.  
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Figure	  1.2.4:	  26Mg	  diffusion	  in	  and	  concurrent	  24Mg	  diffusion	  out	  measured	  both	  by	  LA-­‐ICP-­‐MS	  and	  
SHRIMP-­‐RG.	  Neither	  are	  standardized.	  Despite	  small	  differences	  in	  the	  absolute	  ratios,	  the	  techniques	  
reproduce	  diffusion	  coefficients	  within	  0.1	  logD	  units	  of	  one	  another.	  The	  LA-­‐ICP-­‐MS	  profile	  takes	  
several	  minutes,	  compared	  to	  several	  hours	  for	  the	  SHRIMP-­‐RG	  profile.	  
	  
In terms of precision according to isotopic studies, the disagreement between 
methods would be unacceptable, but given that the main focus of this study is the 
relative change from core to rim, these discrepancies are not problematic. Most 
importantly, the diffusion coefficients determined using SHRIMP-RG data are within 
0.2 logD units of those determined from LA-ICP-MS data.  
The most salient difference between the techniques is time; a LA-ICP-MS 
traverse in this configuration takes around two minutes per 100 µm, with a data 
density of 100 points, whereas a 100 µm SHRIMP-RG profile with three times lower 
data density would take around three hours to acquire. 
Therefore, LA-ICP-MS can be considered as a cost- and time-effective 
technique for measuring isotopic diffusion profiles, where the enrichment is extreme 
(i.e. synthetic  rather than natural profiles). 
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Figure	  1.2.5:	  SHRIMP-­‐RG	  vs	  LA-­‐ICP-­‐MS.	  Left:	  Uncorrected	  xMg/ΣMg	  for	  all	  isotopes	  measured	  by	  both	  
techniques	  (note	  log	  scale).	  Right:	  comparison	  of	  diffusion	  coefficients	  for	  the	  five	  profiles	  measured	  
by	  both	  techniques.	  Importantly,	  the	  diffusion	  coefficients	  agree	  well;	  the	  absolute	  concentrations	  
are	  not	  the	  focus	  of	  this	  study.	  
	  
1.2.3.2 Effect of temperature and silica activity 
The rate of diffusion increases with increasing temperature. Example [001] 
profiles from fo-per buffered experiments between 1250-1600 °C are presented in 
Figure 1.2.6e, with time-normalised distance on the x-axis. 
The effect of aSiO2 is, to the first order, that diffusion is always faster in fo-
prEn buffered experiments (high aSiO2) than when buffered by fo-per. This is shown 
in Figure 1.2.7a-c. However, the effect of aSiO2 appears to decrease as temperature 
decreases. Table 1.2.1 gives the determined diffusion coefficients for each 
experiment; the differences between logD in fo-prEn and fo-per buffered experiments 
along [001] at 1500, 1407, 1308 and 1250 °C are ~0.8, 0.9, 0.6 and 0.3, respectively. 
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Figure	  1.2.6:	  Example	  diffusion	  profiles.	  (a,	  b,	  c):	  The	  difference	  between	  diffusion	  when	  buffered	  by	  
fo-­‐prEn	  and	  fo-­‐per	  at	  1500,	  1407	  and	  1308	  °C,	  along	  [001].	  (d)	  Diffusive	  anisotropy,	  D[001]>D[010]>D[100].	  
(e)	  Effect	  of	  temperature	  on	  diffusion.	  x	  axis	  normalized	  to	  square	  root	  of	  anneal	  duration.	  All	  [001],	  
fo-­‐per	  buffer.	  (f)	  Effect	  of	  fO2	  (offset).	  Over	  ~12	  log	  units	  fO2,	  there	  is	  no	  clear	  change	  in	  diffusivity.	  All	  
[001],	  fo-­‐prEn	  buffered	  experiments.	  	  	  
	  
1.2.3.3 Diffusive anisotropy 
Diffusion is fastest along [001], with diffusion along [100] slowest and [010] 
intermediate (Figure 1.2.6d). The difference between the fastest and slowest axes are 
0.8-1.0 logD units. 
1.2.3.4 Effect of oxygen fugacity 
There is no clear (systematic) effect of oxygen fugacity at constant 
temperature. The four equivalent diffusion profiles from [001], fo-prEn buffered 
experiments at 1407 °C are shown in (Figure 1.2.6f). The high fO2 experiment (air), 
along with the experiments at around log fO2 of -8 and -12 all show approximately the 
same diffusivity (see also Table 1.2.1), whereas the experiment at around -10 appears 
to give faster diffusivity. This is likely due some experimental issue, such as 
contamination on the furnace thermocouple, etc. All log D values as a function of fO2 
are presented in Figure 1.2.7. 
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Figure	  1.2.7:	  Diffusion	  as	  a	  function	  of	  fO2	  at	  ~1400	  °C.	  There	  is	  no	  apparent	  systematic	  effect	  of	  fO2	  
over	  12	  orders	  of	  magnitude.	  
	  
1.2.4 Discussion 
1.2.4.1 Comparison with other studies 
Before discussing rates and mechanisms of diffusion, it is useful to consider 
agreements and disagreements between this and other studies of 26Mg diffusion in 
forsterite.  
The earliest work, presented by Hallwig et al. (1979) and Sockel et al. (1980) 
measured experimental 26Mg profiles using SIMS depth profiling. Experimentally, 
they used a 26Mg enriched Mg2SiO4 composition thin film as the diffusant source, 
which leads to unknown silica activity (aSiO2) conditions. Slight excesses of either 
MgO or SiO2 may lead to the formation of either periclase or (proto)enstatite, 
respectively, according to the phase rule. This has been shown to have a non-trivial 
effect on the diffusion of some other M-site cations (Jollands et al., 2014; Zhukova et 
al., 2014); these diffuse faster in the presence of (proto)enstatite than when buffered 
by periclase. Andersson et al. (1989) used NPB-SIMS (Neutral Primary Beam SIMS) 
expanding the study of Hallwig et al. (1979). They did attempt to control aSiO2, but 
through a pre-anneal; crystals were firstly annealed at either high or low aSiO2 
conditions for the same temperature and time as the subsequent diffusion experiment. 
This study was published years before the diffusion of M-site vacancies in forsterite 
started to be understood (e.g. Demouchy and Mackwell, 2003; Kohlstedt and 
Mackwell, 1998); the vacancy mobility is so high that vacancy diffusion can rapidly 
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wipe out any signature from a pre-anneal, before the tracer diffusion has moved any 
measureable distance. As a result of the ambiguity in aSiO2 (and also the immaturity 
of the SIMS technique when their analyses were being undertaken), the studies of 
Hallwig et al. (1979), Sockel et al. (1980) and Andersson et al. (1989) cannot be 
compared reliably with the results from this study. 
Morioka (1981) measured 26Mg diffusion in pure forsterite by evaporating 
26Mg dissolved in nitric acid onto a polished crystal surface to form a thin film. This 
would naturally form MgO on the surface, leading to buffering at low aSiO2 
conditions, but the crystal-film couples were then placed in a quartz crucible for the 
diffusion anneal. The quartz would likely have reacted with the forsterite crystal to 
form small amounts of protoenstatite. Similarly, the MgO in the film would have 
reacted to form either forsterite or protoenstatite.  
As a result, by use of a large quartz crucible giving silica excess, the study of 
Morioka (1981) was probably buffered at high aSiO2 conditions. The measured 
coefficients (logD, m2s-1) in the study of Morioka (1981) were -14.66 (0.06), -15.12 
(0.03), -15.54 (0.08), at 1400, 1350 and 1300 °C, respectively (Table 2). In this study, 
experiments were not conducted exactly at these temperatures, but the best fit 
logD=logD0+(EA/(ln(10)RT)) relationship predicts that the logarithms of the diffusion 
coefficients at these temperatures are -14.67, -15.17 and -15.71 m2s-1. The excellent 
agreement between the data of Morioka (1981) and this study corroborates the 
assumption that their study was buffered at forsterite + protoenstatite (high aSiO2). 
The later study of Chakraborty et al. (1994) specifically considered aSiO2, as 
well as temperature, time and fO2. They deposited 26MgO thin films onto polished 
crystals, then placed the crystals in either periclase or (proto)enstatite powders, or 
neither. In contact with Mg2Si2O6, the MgO should react to form forsterite and 
leaving excess protoenstatite, thus buffering at high aSiO2. These workers found that 
aSiO2 did not affect the rate of diffusion of 26Mg in forsterite, at 1100 °C, and hence 
conducted the majority of their experiments at MgO-buffered conditions, either by 
packing the crystal in MgO or not packing the crystal (with an MgO film) into any 
powder. 
The 1300 °C experiment of (Chakraborty et al., 1994) yielded a log diffusion 
coefficient of -16.50 m2s-1 (see Table 1.2.2), and in this study the 1308 °C experiment 
gave -16.50 (LA-ICP-MS) or -16.32 m2s-1 (SHRIMP-RG) (Table 1.2.1). The 
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experiments of Chakraborty et al. (1994) were conducted at logfO2=-12, but they 
demonstrated no apparent effect of fO2 in pure forsterite (corroborated in this study).  
 
1.2.4.2 The effect of temperature and chemical activity 
Various studies have shown that changing chemical activity of the diffusant 
source in similar experiments can lead to changes in interface concentration and 
diffusion rate of trace elements (Jollands et al., 2014; Zhukova et al., 2014).  
In this study, despite relatively large data scatter, the general trend is one of chemical 
activity having a larger effect at higher temperature than at lower temperature. This is 
consistent with the findings of Chakraborty et al. (1994) who found no effect of 
chemical activity at 1100 °C, and the observation that Morioka (1981) measured a 
larger activation energy (high aSiO2) than Chakraborty et al. (1994) (low aSiO2), 
although their determinations at 444 and 400 kJmol-1, respectively, were within error 
of one another.  
Therefore, including the data of Morioka (1981) with the high aSiO2 data from 
this study, and that of Chakraborty et al. (1994) with the low aSiO2 data, the 
following Arrhenius relationships are determined over the whole temperature range of 
the three studies (Figure 1.2.8): 
 
forsterite-protoenstatite buffered experiments, [001], air, 1250-1513 °C: 
logD0 = 0.64 (0.28) ; EA=  491(9) kJmol-1 
 
forsterite-periclase buffered experiments, [001], air, 1000-1600 °C: 
logD0 =  -3.62 (0.15) ; Ea= 378(5) kJmol-1 
 
 
 
 
 
 
 
 
 
	   39	  
 
 
Figure	  1.2.8:	  [001]	  diffusion	  coefficients	  as	  a	  function	  of	  temperature	  for	  both	  fo-­‐per	  (black)	  and	  fo-­‐
prEn	  (grey)	  from	  this	  study	  and	  two	  others	  (C(94)	  =	  Chakraborty	  et	  al.	  (1994),	  M(81)	  =	  Morioka	  et	  al.	  
(1981)).	  The	  literature	  data	  are	  included	  in	  the	  fits	  to	  the	  Arrhenius	  equation.	  	  
	  
1.2.4.3 Point defects 
The classic experimental and theoretical studies considering point defects in 
pure forsterite (Plushkell and Engell, 1968; Smyth and Stocker, 1975; Stocker and 
Smyth, 1978) were all equilibrium studies – the point defects can form in response to 
the chemical and physical environment and no consideration is given to their 
mobility, i.e. their kinetic or diffusive behaviour. Therefore, care must be taken when 
using models designed for, or based on equilibrium, to interpret diffusion, which is by 
its very nature a disequilibrium process.  
In these experiments, the buffering assemblage controls the silica activity. 
According to the aforementioned studies, at high silica activity (proto-enstatite 
buffered), the crystal enters a silica excess region, and at low silica activity, a region 
of stoichiometry. As is conventional for descriptions of point defects, the Kröger-
Vink notation will be used here. In this notation, subscript represents the site location 
of an ion (on the sites normally occupied by Si, Mg, O in forsterite or i (interstitial)) 
and the superscript is the charge excess or deficiency relative to the ion normally 
occupying the site (/=negative charge (deficiency),  = positive charge (excess), ×=no 
charge excess). V is a vacancy. Examples of substitution mechanisms in Kröger-Vink 
notation, with full descriptions, are given in the glossary (see Appendix). 
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1.2.4.3.1 Silica excess – Interstitial Si and M-site vacancies 
At high silica activity in synthesis experiments, Si4+ substitutes interstitially 
into the forsterite lattice with charge compensation achieved by the removal of two 
Mg2+. This can be achieved in two ways. The first, suggested by Smyth and Stocker 
(1975), effectively builds new, Mg deficient unit cells by dissolving two silica into the 
lattice: 
 
  
2SiO2 =SiSi× +Sii•••• + 4OO× + 2VMg\ \  (	  1.2:5	  )	  
 
Alternatively, and possibly more likely in single crystal diffusion experiments, Si4+ 
can substitute into pre-existing unit cells and expel the two Mg2+: 
 
  
SiO2 + 2MgMg× =Sii•••• + 2VMg\ \ + 2MgO  (	  1.2:6	  )	  
 
Either of these point-defect reactions could be reasonable at the crystal edge, where 
over an infinitely small distance equilibrium conditions can be assumed and free SiO2 
or MgO can exist. However, the mobility of the interstital Si4+ and two M-site 
vacancies will be limited by the slow diffusivity of Si4+. Several studies have 
measured Si diffusion (e.g. Costa and Chakraborty, 2008; Dohmen et al., 2002b; Fei 
et al., 2012), and consistently found it to be orders of magnitude slower than Mg 
diffusion. The diffusion of vacancies through the lattice has to be orders of magnitude 
faster than the Mg diffusion itself, in order that the point defect population is already 
established in the crystal before the 26Mg effectively starts to diffuse- otherwise there 
would be no obvious aSiO2 effect. 
Therefore, the obvious consequence is that there must be a very fast Si 
diffusion pathway through forsterite, which has not been seen before. Si diffusion 
studies generally work by coupling 30Si to the edge of a crystal, annealing, followed 
by analyses of the very short (nm to µm) diffusion profiles with some depth profiling 
method (Bejina et al., 1999; Costa and Chakraborty, 2008; Dohmen et al., 2002b; Fei 
et al., 2012; Houlier et al., 1990). This method is very robust for determining the 
exchange of Si on the tetrahedral sublattice, but would not be able to see a very fast 
diffusion mechanism at very low concentrations (likely 10s ppm). 
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Conceptually, one can imagine that Si4+ forms a component similar to Zr4+ (see 
Chapter 1.5), i.e. Si[vac]SiO4 , where [vac] is a vacant M-site, and thus moves rapidly 
with its own M-site vacancies. The Si4+ need not even be interstitial, it could 
substitute octahedrally, effectively as a trace element. 
In order to test this hypothesis, it will be necessary to conduct aSiO2-buffered 
silicon diffusion experiments in a non-conventional way. For example, 32Si has a 160 
year half life  (Audi et al., 1997) and would be readily detectable by LA-ICP-MS or 
SIMS, given the lack of any mass 32 interference in pure forsterite. Very short 
duration 30Si diffusion experiments could also be conducted, but even though it is a 
minor stable isotope, it is unlikely that variations caused by an additional (assumed) 
1-10s ppm 30Si will be detectable using conventional LA-MC-ICP-MS.  
 
1.2.4.3.2 Silica deficient region 
In periclase buffered conditions at high temperatures, we assume the forsterite 
crystal behaves equivalently to the pure forsterite of Plushkell and Engell (1968), and 
hence the main point defects are Mg Frenkel defects – Mg interstitial charge-balanced 
by M-site vacancy.  
 
MgMg× =VMg// +Mgi••  (	  1.2:7	  )	  
 
Mg interstitials and Si vacancies are both highly energetically unfavourable according 
to the point defect studies cited above, hence when periclase buffers the diffusion 
experiment, the crystal can be effectively considered as ‘normal’ stoichiometric 
Mg2SiO4. 
It is the interaction between these defects and enriched 26Mg that allows the 
formation of isotopic diffusion profiles in periclase-buffered conditions. 
 
1.2.4.4 The effect of oxygen fugacity 
There is no apparent effect of oxygen fugacity over around ten orders of 
magnitude of fO2 (Figure 1.2.7). A preliminary experiment did show an effect (the 
two buffering assemblages showed the same diffusion rate at low fO2), but this was 
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later found to be due to silica contamination from the adjacent experiment – the 
periclase buffered experiment did not remain periclase buffered throughout the run. 
Smyth and Stocker (1975) suggested that the predominant oxygen-deficient point 
defect in pure forsterite is an oxygen vacancy charge balanced by two electrons in the 
conduction band, i.e. 
 
  
OO× =VO•• + 2e− + 12 O2  (	  1.2:8	  )	  
 
If this were the favourable defect, there is no reason that this should expedite 26Mg 
diffusion – the defect only affects the anionic sub-lattice. 
Smyth and Stocker (1975) also suggest that oxygen deficiency may lead to the 
formation of silicon and magnesium interstitials: 
 
  
4OO× + 2MgMg× +SiSi× = 2Mgi•• +Sii•••• + 8e− + 2O2  (	  1.2:9	  )	  
 
This mechanism involves the annihilation of unit cells. According to Stocker and 
Smyth (1978), this mechanism leads to a 1/6 dependence of M-site vacancies on fO2, 
but this change is not observed in this study.  
That no effect of fO2 is observed, therefore, suggests either that mechanism ( 
1.2:8 ) is the predominant oxygen deficient defect, or that the lower limit of fO2 in this 
study had not yet reached the oxygen-deficient region for forsterite (or both). 
 
1.2.5 Summary 
• Controlling chemical activities is necessary in major element diffusion studies, 
although the effect of activity on diffusion may diminish at low (<1100 °C) 
temperatures. 
• Previous disagreements between similar studies may be rectified by considering 
chemical activities. Both the studies of Morioka (1981) and of Chakraborty et al. 
(1994) succeeded in measuring 26Mg diffusion in pure forsterite, but the data 
from each study is only valid in certain conditions. Their diffusion coefficients 
are correct, but with caveats.  
• LA-ICP-MS can be used to measure isotope tracer diffusion, when enrichment is 
sufficiently high (on the order of percent rather than per mil).	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• There is no oxygen deficient defect in pure forsterite that affects the octahedral 
sub lattice over the considerable fO2 range measured in this study at 1400 °C.	  
 
Future directions 
Despite being the first experimental chapter presented in this thesis, this was 
the last study conducted, as attempts were made to simplify and further simplify 
experimental systems over the course of the PhD. Therefore, the study is not 
considered to be satisfactorily finalised. 
Experiments are currently underway (at time of writing) to push the lowermost 
temperature to 1150 °C, to give a better overlap with the determinations of 
Chakraborty et al. (1994). At this temperature, neither LA-ICP-MS nor SHRIMP-RG 
will be able to analyse the very short expected diffusion profiles (5-15 µm), so efforts 
are being made to continue the study using nanoSIMS.  
In addition, the hypothesis regarding a very fast Si diffusion pathway coupled 
to M-site vacancies should be tested. This is much more challenging, however, due to 
the difficulty in obtaining and working with radiotracer 32Si in the solid state (i.e. as 
SiO2), and the inherent difficulties in measuring 30Si as a trace component in 
forsterite. Alternatively, Ge could be used as a proxy for Si. 
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T	  
(°C)	  
log	  fO2	  
(bars)	  
log	  fO2	  
(ΔQFM)	  
t	  (s)	   t	  
(d)	  
fo-­‐(pr)En	   fo-­‐per	  
log	  D	  
[001]	  
log	  D	  
[010]	  
log	  D	  
[100]	  
log	  D	  
[001]	  
log	  D	  
[010]	  
log	  D	  
[100]	  
1250	   -­‐0.7	   +7.1	   846700	   10	   -­‐16.20	  
(0.10)	  
N.D.	   N.D.	   -­‐16.45	  
(0.20)	  
N.D.	   N.D.	  
1308	   -­‐0.7	   +6.5	   2244600	   26	   -­‐15.82	  
(0.06)	  
-­‐15.83	  
(0.05)	  
-­‐16.21	  
(0.03)	  
-­‐16.64	  
(0.14)	  
-­‐16.50	  
(0.21)	  
-­‐16.32	  
(0.05)	  
N.D.	   N.D.	  
1407	   -­‐0.7	   +5.6	   880200	   10	   -­‐14.45	  
(0.03)	  
-­‐14.59	  
(0.05)	  
-­‐15.07	  
(0.04)	  
N.D.	   -­‐15.37	  
(0.05)	  
-­‐15.83	  
(0.04)	  
-­‐15.81	  
(0.37)	  
1450	   -­‐0.7	   +5.2	   752400	   9	   -­‐14.07	  
(0.03)	  
-­‐14.58	  
(0.01)	  
-­‐15.00	  
(0.03)	  
cnt.	   cnt.	   cnt.	  
1500	   -­‐0.7	   +4.7	   	   	   -­‐14.01	  
(0.05)	  
-­‐14.51	  
(0.1)	  
-­‐15.01	  
(0.05)	  
-­‐14.85	  
(0.03)	  
-­‐15.17	  
(0.11)	  
-­‐15.67	  
(0.08)	  
1513	   -­‐0.7	   +4.6	   489600	   6	   -­‐13.74	  
(0.05)	  
-­‐13.92	  
(0.03)	  
N.D.	   N.D.	   cnt.	   N.D.	   N.D.	  
1540	   -­‐0.7	   +4.4	   172800	   2	   P.M.	   P.M.	   P.M.	   -­‐14.67	  
(0.10)	  
-­‐15.06	  
(0.15)	  
-­‐15.33	  
(0.08)	  
1600	   -­‐0.7	   +3.9	   86400	   1	   P.M.	   P.M.	   P.M.	   -­‐14.24	  
(0.06)	  
-­‐14.14	  
(0.05)	  
-­‐14.54	  
(0.04)	  
-­‐15.04	  
(0.12)	  
1407	   -­‐8.6	   -­‐2.4	   678600	   8	   -­‐14.41	  
(0.04)	  
-­‐14.82	  
(0.03)	  
-­‐15.15	  
(0.03)	  
-­‐15.46	  
(0.09)	  
-­‐15.80	  
(0.05)	  
-­‐16.20	  
(0.04)	  
1395	   -­‐10.1	   -­‐3.7	   670500	   8	   -­‐14.08	  
(0.03)	  
-­‐14.59	  
(0.05)	  
N.D.	   -­‐15.33	  
(0.21)	  
-­‐15.93	  
(0.21)	  
-­‐16.25	  
(0.18)	  
1407	   -­‐12.0	   -­‐5.8	   773100	   9	   -­‐14.37	  
(0.07)	  
-­‐14.93	  
(0.08)	  
-­‐15.23	  
(0.11)	  
cnt.	   cnt.	   cnt.	  
 
Table	  1.2.1:	  Experimental	  conditions	  and	  results.	  LogfO2	  of	  -­‐0.7	  corresponds	  to	  air.	  Time	  in	  days	  is	  
approximate.	  Roman	  text	  is	  data	  from	  LA-­‐ICP-­‐MS.	  Bold,	  italic	  is	  from	  SHRIMP-­‐RG.	  LA-­‐ICP-­‐MS	  errors	  
are	  standard	  deviations	  from	  at	  least	  five	  repeat	  analyses.	  SHRIMP-­‐RG	  errors	  are	  estimated	  from	  
curve	  fitting	  -­‐	  maximum	  and	  minimum	  logD	  values	  encompassing	  ~95%	  of	  the	  data.	  N.D.	  :	  not	  
determined	  –	  either	  experiment	  not	  conducted,	  diffusion	  profile	  too	  short	  to	  measure	  or	  crystal	  not	  
recovered.	  P.M.	  :	  partial	  melt,	  interface	  lost	  (normally	  associated	  with	  crystal	  cracking).	  cnt.:	  
contaminated	  –	  fo-­‐per	  experiment	  enriched	  with	  silica	  during	  experiment.	  
 
 
	   T	  (°C)	   aSiO2	  buffer	   logfO2	   logD	  (m2s-­‐1),	  [001]	  
Ch
ak
ra
bo
rt
y	  
et
	  
al
.	  
(1
99
4)
	  
1000	   none	  (per)	   -­‐12	   -­‐19.22*	  
1100	   MgO	  or	  none	   various	   -­‐18.1	  (0.4)*§	  
1150	   none	  (per)	   -­‐12	   -­‐17.27*	  
1200	   none	  (per)	   -­‐12	   -­‐17.19*	  
1300	   none	  (per)	   -­‐12	   -­‐16.50*	  
1100	   prEn	   various	   -­‐18.1	  (0.5)§	  
M
or
io
ka
	  	  
(1
98
1)
	  
	   	   	   	  
1300	   qtz	  (prEn)	   -­‐0.7	   -­‐15.54	  (0.08)*	  
1350	   qtz	  (prEn)	   -­‐0.7	   -­‐15.12	  (0.03)*	  
1400	   qtz	  (prEn)	   -­‐0.7	   -­‐14.66	  (0.06)*	  
	   	   	   	  
 
Table	  1.2.2:	  Literature	  data	  incorporated	  into	  this	  study.	  Assume	  error	  of	  0.1	  for	  the	  Chakraborty	  et	  al.	  
(1994)	  data	  unless	  stated	  otherwise.	  *used	  in	  fits.	  §averaged	  from	  all	  available	  data	  at	  single	  T,	  
multiple	  fO2.	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1.3 Beryllium diffusion in olivine: no effect of chemical activity or 
olivine composition on diffusion, and examples of using Be to 
determine magmatic timescales  
 
Note: this chapter is now published in a slightly modified form as Jollands, M. C., 
Burnham, A. D., O'Neill, H. S. C., Hermann, J., & Qian, Q. (2016). Beryllium 
diffusion in olivine: A new tool to investigate timescales of magmatic processes. Earth 
and Planetary Science Letters, 450, 71-82. 
 
Abstract 
The diffusion of beryllium (Be) in pure synthetic forsterite (fo100) and San 
Carlos olivine (fo90) was studied using the powder source technique over the 
temperature range 950 – 1475 °C, as a function of silica activity, crystallographic 
orientation, oxygen fugacity (for diffusion in fo90 olivine only) and presence of water. 
The rate of diffusivity of Be2+ is between that of Mg2+ and H+ in forsterite. 
There is no effect of aSiO2, olivine composition or fH2O on Be diffusion along the 
fastest crystallographic axis ([001]). Diffusion is highly anisotropic, with D[001]>> 
D[010]> D[100] in pure forsterite and D[001]>>D[010]≈D[100] in fo90, suggesting a strong 
preference for the M1 site. The activation energies for diffusion are different along the 
three axes – no global fit to all diffusion data is possible. The best fit parameters to 
Arrhenius curves (logD=logD0+(Ea/2.303RT) for diffusion in pure forsterite are as 
follows: 
 
[001]: logD0= -5.82 (±0.15), Ea= -227.6 (±4.1); 
[010]: logD0= -4.64 (±0.38), Ea= -285.8 (±11.6);  
[100]: logD0= -4.20 (±0.27), Ea= -326.1 (±7.9).  
 
The concentration of Be at the crystal-powder interface is higher at high 
aSiO2, suggesting that Be2+ substitutes for Mg2+, forming a Be2SiO4 point defect (i.e. 
with the stoichiometry, but not structure of, phenakite). From ionic radii constraints, 
the Be2+ cation probably sits on a usually unoccupied interstitial tetrahedral site, 
charge-balanced by an M-site vacancy. The strong temperature dependence of the 
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reaction SiO2 + BeO = Be2SiO4 (ol) is consistent with the Be2SiO4 point defect having 
a high degree of entropy. 
The relatively small dependence of Be diffusion on olivine composition and 
aSiO2 suggests it could be useful for determining timescales of geological processes, 
and Be diffusion profiles in a natural xenocryst are presented. 
 
1.3.1 Introduction 
In the previous chapter, the diffusion of Mg2+ in the Mg2SiO4 lattice was 
presented. It was shown that it is necessary to control the chemical activities of all 
components in diffusion experiments, especially at high temperatures (>~1100 °C). It 
is within the framework of 26Mg diffusion in forsterite that the diffusion of the other 
components should be studied. However, given that the substitution of 26Mg into 
Mg2SiO4 is limited only by total Mg, no consideration was given to the interface 
concentrations of 26Mg. 
In this chapter, we extend the study by moving into the field of trace element 
diffusion – the real focus of the thesis.  
The substitution of any trace element into the olivine lattice can be described 
by a chemical reaction, which will have an equilibrium constant, which is by 
definition related to the chemical activities of the reactants and products, and 
temperature. Therefore, whereas in the previous chapter temperature and chemical 
activity affected only the diffusion rates, in the case of a trace element these variables 
can also affect interface concentrations. In addition, the interface trace element 
concentrations as a function of temperature and chemical activities can be used to 
elucidate substitution mechanisms. 
The results from diffusion modelling are also applied to a natural xenocryst, 
showing that Be diffusion in olivine can be used to determine timescales of short-term 
geological processes. 
 
1.3.2 Methods 
1.3.2.1 Experimental 
The experiments herein were conducted using the standard powder source 
technique. Three phase assemblages of forsterite-periclase-bromellite (fo-per-bro) and 
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forsterite-(proto)enstatite-bromellite (fo-(pr)En-bro) were coupled to pure forsterite or 
natural olivine (in this case Fe was added to the assemblages) and the crystal-powder 
couples annealed between 950-1475 °C. The phase diagram for BeO-MgO-SiO2 has 
not been previously studied, hence phase relations were determined (Figure 1.3.1) by 
sintering several compositions within the ternary diagram and determining the phases 
present with XRD, before diffusion experiments were commenced. 
 
 
Figure	  1.3.1:	  Proposed	  phase	  diagram	  for	  the	  SiO2-­‐BeO-­‐MgO	  ternary	  at	  1300	  °C.	  
	  
1.3.2.1.1 Hydrous experiment 
To determine the effect of H2O on the diffusion of Be, a single experiment 
was conducted at 1050 °C and 1.15 GPa for 71 hr 40 min in the piston cylinder. The 
experimental design was modified from the ‘medium temperature’ design (for 
determining H diffusion) presented in Chapter 2.1. A single oriented crystal of 
forsterite, cut into a disc ~3 mm diameter, 1.5 mm thickness with the (polished) flat 
face parallel to (001), was placed into a 9 mm outside diameter (“Jollands-size”) Cu 
capsule and packed with fo-bro-prEn powder with a few drops of distilled H2O (~100 
mg). This was then placed in an MgO sleeve inside a graphite heater inside a talc 
assembly surrounded by low friction Teflon foil, and annealed in a ¾” (19 mm) 
pressure vessel in an end loaded Boyd-type piston cylinder. Following the anneal, the 
capsule was opened using a lathe and the powder and crystal were removed by 
placing the open capsule in an ultrasonic bath. Further details for the experimental 
design can be found in Chapter 2.1. 
The crystal was then mounted in epoxy and doubly polished for FTIR / LA-
ICP-MS analyses. 
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1.3.2.2 Analytical 
LA-ICP-MS was the primary analytical method using the standard slit-shaped 
beam scans according to the normal methods. 9Be was counted for 0.8 s along with 
the normal suite of elements. In addition, SHRIMP-RG measurements were also 
untaken – the ion probe is expected to have similar Be detection limits to LA-ICP-
MS, but with a slightly smaller spot size. SHRIMP-RG was used both to corroborate 
LA-ICP-MS data and identify Be diffusion in natural xenocrysts. The BeFoHy 
(hydrous) experiment was also analysed using unpolarised FTIR – analytical methods 
are presented in full in Chapter 2.1 in reference to hydrogen diffusion experiments 
where FTIR was used as the primary analytical tool. 
 
1.3.2.3 SHRIMP-RG 
Secondary ion mass spectrometry (SIMS) analyses were performed using the 
reverse-geometry sensitive high-resolution ion microprobe (SHRIMP-RG) operating 
at mass resolution (M/ΔM) ~ 5000. Epoxy mounts were cleaned with ethanol and 
coated with 50 nm Au. Secondary ions were sputtered by an O2- primary beam under 
two sets of conditions: 15 µm diameter (2 nA) for experimental samples, and 30 µm 
diameter (8 nA) for natural samples. Following a 2 minute raster, the masses analysed 
(with no energy offset) for the experimental samples were 8.8 (1 s background), 9 (20 
s for Be+) and 16 (2 s for O+); for the natural samples the masses were 6.8 (1s 
background), 7 (2 s for Li+) 9 (20 s for Be+) and 16 (2 s for O+) with no mass centring 
on Be because of the low concentrations. Data reduction was performed in an Excel 
spreadsheet by integration of 5 cycles (experimental samples) or 10 cycles (natural 
samples). Be+/O+ and Li+/O+ ratios were standardised relative to NIST 610.  
 
1.3.3 Results 
All results (diffusion coefficients, Be interface concentrations) along with the 
experimental conditions (temperature, time, oxygen fugacity, olivine composition) are 
presented in Table 1.3.1.  
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1.3.3.1 SHRIMP versus LA-ICP-MS 
SHRIMP-RG consistently gives higher Be concentrations than LA-ICP-MS 
when the same points are measured. However, the diffusion coefficients determined 
by each technique are in good agreement (Figure 1.3.2).  
 
	  
	  
Figure	  1.3.2:	  Comparison	  of	  LA-­‐ICP-­‐MS	  and	  SHRIMP-­‐RG	  data.	  (a)	  Single	  diffusion	  profile	  measured	  
using	  both	  techniques,	  including	  fits	  to	  the	  error	  function	  (see	  Chapter	  1.1)	  (b)	  SHRIMP-­‐RG	  vs	  LA-­‐ICP-­‐
MS	  for	  all	  points	  measured	  by	  both	  techniques.	  SHRIMP-­‐RG	  consistently	  gives	  higher	  concentrations	  
than	  LA-­‐ICP-­‐MS,	  with	  the	  difference	  greatest	  at	  low	  concentrations.	  This	  is	  likely	  due	  to	  the	  poor	  
sensitivity	  of	  LA-­‐ICP-­‐MS	  in	  scanning	  mode;	  the	  dwell	  time	  for	  each	  point	  is	  on	  the	  order	  of	  seconds	  
only.	  Errors	  on	  SHRIMP-­‐RG	  data	  are	  standard	  deviations	  of	  5	  sweeps,	  and	  errors	  on	  LA-­‐ICP-­‐MS	  are	  
data	  scatter	  (1	  standard	  deviation)	  over	  12	  µm	  windows	  around	  the	  central	  point	  in	  SHRIMP-­‐RG	  
analysis.	  
 
 
1.3.3.2 Beryllium at the crystal-buffer interface 
The concentration of Be at the crystal-buffer interface (Figure 1.3.3) increases 
as a function of temperature and appears insensitive to the olivine composition 
(between pure synthetic forsterite and natural fo90) and oxygen fugacity.  
The concentration of Be at the crystal-buffer interface (from the best fit to the 
diffusion profile) is consistently higher in experiments buffered by (proto)enstatite 
compared to those buffered by periclase.  
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The single outlier from the trend in Figure 1.3.3 is the high fO2, high aSiO2, 
fo90 experiment, which has an interface Be concentration of around half of its low fO2, 
fo90 equivalent. 
 
 
Figure	  1.3.3:	  Be	  concentration	  at	  the	  crystal-­‐buffer	  interface	  as	  a	  function	  of	  inverse	  temperature.	  
Mole	  fraction	  Be	  is	  calculated	  assuming	  pure	  forsterite	  for	  the	  purpose	  of	  illustration.	  
	  
1.3.3.3 Beryllium diffusion 
1.3.3.3.1 Treatment of diffusion profiles 
Example experimental profiles from LA-ICP-MS analyses are presented in 
Figure 1.3.4. 
In all experiments, concentration-distance profiles of Be could be fitted to the 
standard error function solution with no interface depletion presented in Chapter 1.1 
(Crank, 1975). 
Profiles measured using SHRIMP-RG and LA-ICP-MS show the same 
diffusivity (within error) but slightly different interface concentrations (Figure 1.3.2). 
 
1.3.3.3.2 The effect of temperature on diffusion 
The determined Be diffusion coefficients at each experimental condition are 
given in Table 1.3.1. It is a common practice to use a ‘global fit’ to determine a single 
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activation energy for diffusion along all crystallographic axes, changing only the pre-
exponential term to translate the Arrhenius curve up or down in logD – inverse T 
space. In this case, however, this was not possible; clearly the activation energy is 
different along three principal axes (Figure 1.3.5).  
 
  
Figure	  1.3.4:	  Example	  diffusion	  profiles	  (LA-­‐ICP-­‐MS	  data).	  (a)	  Experiment	  BeOlD1	  (fo90	  buffered	  by	  ol-­‐
bro-­‐opx,	  [100]),	  showing	  the	  diffusion	  of	  Be	  and	  no	  change	  in	  Al,	  Fe	  or	  Mg.	  (b)	  Experiment	  BeFor5	  
(forsterite	  buffered	  by	  fo-­‐bro-­‐prEn,	  [001]).	  Fe	  was	  below	  the	  limit	  of	  detection.	  (c)	  Diffusive	  
anisotropy,	  D[001]>>D[010]>D[100],	  from	  experiment	  BeFor3	  (forsterite	  buffered	  by	  fo-­‐bro-­‐prEn).	  (d)	  The	  
effect	  of	  buffering	  assemblage	  on	  diffusion	  and	  interface	  concentrations	  (y	  axis	  offset	  for	  clarity).	  
Inset:	  the	  same	  data	  recast	  as	  C/Crim	  to	  show	  that	  chemical	  activity	  does	  not	  affect	  Be	  diffusion;	  only	  
the	  interface	  concentrations	  (from	  experiment	  BeFor6,	  [001]).	  
	  
Instead, the fo-bro-prEn and fo-bro-per data from all experiments in forsterite were 
grouped into the three axes and fitted to the logD=logD0+(Ea/(ln(10)RT)) relationship 
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using a least-squares regression weighted using the errors in Table 2. This gave, for 
each axis, a separate pre-exponential term and activation energy: 
 
[001]: logD0= -5.82 (0.15), EA= -227.6 (4.1); 
[010]: logD0= -4.64 (0.38), EA= -285.8 (11.6);  
[100]: logD0= -4.20 (0.27), EA= -326.1 (7.9).  
 
Be diffusion is consistently anisotropic, with diffusion along [001] fastest and along 
[100] slowest. The different activation energies show that anisotropy increases with 
decreasing temperature. The diffusion coefficients along [010] and [001] appear to be 
very similar in fo90 olivine, in agreement with the data of Spandler and O’Neill 
(2010). 
 
 
Figure	  1.3.5:	  Arrhenius	  plots	  of	  Be	  diffusivity	  along	  three	  crystallographic	  axes	  against	  inverse	  T	  at	  (a)	  
low	  SiO2	  and	  (b)	  high	  aSiO2	  conditions.	  Also	  shown	  are	  Be	  diffusion	  coefficients	  from	  Spandler	  and	  
O’Neill	  (2010)	  and	  weighted	  fits	  to	  the	  logD=logD0+(Ea/(ln(10)RT));	  pre-­‐exponential	  factors	  and	  
activation	  energies	  given	  in	  the	  text.	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1.3.3.3.3 Effect of aSiO2, fO2 and olivine composition on diffusion 
Silica activity does not have any outside of error effect on Be diffusion; the 
experiments with fo-bro-per and fo-bro-(pr)En can be fitted to the same activation 
energy and pre-exponential terms.  
Diffusivity measured along [001] in fo90 overlaps with that measured in its 
pure forsterite equivalent. The diffusivities measured by Spandler and O’Neill (2010) 
are in good agreement with the data from this study for diffusion along [001] and 
[010], but differ along [100]; they saw no clear difference between diffusion along 
[100] and [010]. The single experiment in fo90 in oxidized (above QFM) conditions 
shows slightly faster diffusivity than its lower fO2 counterpart.  
 
1.3.3.3.4 Effect of H2O on Be diffusion 
A single experiment (BeFoHy) was conducted to test the effect of the presence 
of water on Be diffusion. An unpolarised FTIR spectrum from the crystal core (in the 
O-H region) along with a Be diffusion profile from the hydrous and most relevant 
anhydrous experiment (1059 °C) are presented in Figure 1.3.6. The FTIR spectrum 
shows that hydrogen is present on M-site vacancies, T-site vacancies and trivalent 
cation-associated defects. The [-] notations for point defects are presented in the 
glossary (Appendix) and defects are discussed thoroughly in Section 2. 
  The data show no apparent effect of the presence of H2O on either diffusion or 
interface concentrations of Be. The hydrous Be diffusion coefficient is logD=-14.95 
(±0.03) m2s-1, and the 1050 °C anhydrous diffusion coefficient from the best fit to the 
Arrhenius curve (above), is logD=-14.8 (±0.2) m2s-1.  
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Figure	  1.3.6:	  The	  effect	  of	  H2O	  on	  Be	  diffusion	  in	  pure	  forsterite.	  (a)	  FTIR	  spectrum	  from	  the	  crystal	  
core	  of	  experiment	  BeFoHy	  –	  hydrogen	  has	  fully	  penetrated	  the	  crystal	  and	  sits	  on	  several	  defect	  
types.	  Defects	  are	  assigned	  to	  groups	  based	  on	  determinations	  by	  Lemaire	  et	  al.	  (2004),	  Padrón-­‐
Navarta	  et	  al.	  (2014)	  and	  Berry	  et	  al.	  (2007).	  (b)	  Offset	  Be	  diffusion	  profiles	  ([001])	  from	  the	  hydrous	  
experiment	  (BeFoHy)	  and	  anhydrous	  counterpart	  (BeFor2),	  with	  time-­‐normalised	  distance	  on	  the	  x-­‐
axis.	  
 
1.3.4 Discussion 
1.3.4.1 Beryllium substitution mechanism 
The ionic radius of Be2+ (0.27Å in tetrahedral coordination, 0.45Å octahedral) 
means that it could potentially substitute for either tetrahedral Si4+ (0.26Å) or 
octahedral Mg2+ (0.72Å) in the forsterite lattice. In all minerals where Be is an 
essential structural component it occupies a tetrahedral site (Hawthorne and 
Huminicki, 2002). Given that it is very small, there is also the possibility of interstitial 
substitution.  
The substitution of Be2+ onto the tetrahedral site in forsterite is described by ( 
1.3:1 ): 
 
Mg2SiO4 + 2BeO = Mg2Be2O4 + SiO2  
            ol                                                   ol                     
(	  1.3:1	  )	  
 
This mechanism liberates silica, so the equilibrium concentration of Be in 
forsterite (interface concentration) should be an inverse function of silica activity (i.e. 
higher Be at low aSiO2).  
Given the observation that the interface concentration of Be is higher at high 
aSiO2/low aMgO (Table 1.3.2), this mechanism can be excluded from consideration. 
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Simply put, a high activity of magnesia (periclase-present) discourages vacancies on 
the M-site, thus disfavouring any M-site substitution mechanism.  
The substitution of Be2+ for Mg2+ forms the Be2SiO4 component (i.e. a defect 
with the stoichiometry of phenakite), as described by ( 1.3:2 ) and ( 1.3:3 ) for per- 
and (pr)En-buffered conditions respectively: 
 
  
Mg2SiO4 +  2BeO =  Be2SiO4 +  2MgO         ol                                                  ol        
(	  1.3:2	  )	  
 
and 
 
 
Mg2Si2O6 + 2BeO = Be2SiO4 + Mg2SiO4  
       opx                                           ol                     ol 
(	  1.3:3	  )	  
 
Reaction ( 1.3:2 ) suggests that the two Be2+ cations sit directly on two M-sites 
in olivine, but, given ionic radii constraints, it is also prossible that Be2+ sits on a 
usually unoccupied interstitial tetrahedral site, charge balanced by an M-site vacancy.  
The use of two separate aSiO2 buffers allows a thermodynamic treatment of 
the Be interface concentrations (assuming equilibrium behaviour). This treatment will 
be used throughout this thesis, so will be presented in full in this chapter then with 
more brevity in future chapters. 
Importantly, it should be remembered that full understanding of the 
equilibrium partitioning does not require any knowledge of the kinetic (i.e. diffusive) 
behaviour, but to understand diffusive behaviour the equilibrium conditions should be 
understood.  
The equilibrium condition for reaction ( 1.3:2 ) is: 
 
K(1.3:2) =
aBe2SiO4
ol . aMgO( )2
aMg2SiO4
ol . aBeO( )2
 
(	  1.3:4	  )	  
 
Use of the three-phase buffering assemblage bro-per-fo allows ( 1.3:4 ) to be 
considerably simplified as these components have an activity of one, assuming that 
Mg2SiO4, MgO and BeO are all present, and pure (Be in olivine is considered 
infinitely diluted). Using ΔGr to describe the Gibbs’ free energy of reaction, and given 
that K=e–ΔGr/RT, ( 1.3:4 ) can be rewritten: 
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-ΔGr (1.3:2)
RT = (ln aBe2SiO4
ol )per  
(	  1.3:5	  )	  
 
Where subscript per indicates this is relevant in periclase-buffered conditions (i.e. 
only for reaction ( 1.3:2 ). Repeating this for (proto)enstatite-buffered conditions 
gives: 
 
-ΔGr (1.3:3)
RT = (ln aBe2SiO4
ol )(pr)En  
(	  1.3:6	  )	  
 
Subtracting ( 1.3:6 ) from  ( 1.3:5 ) gives: 
 
-ΔGr (1.3:2-1.3:3)
RT = (ln aBe2SiO4
ol )per - (ln aBe2SiO4ol )(pr)En  
(	  1.3:7	  )	  
 
Given that there are two Be per Be2SiO4 substitution, we can define the relationship 
XBeol .γ Beol = aBe2SiO4ol( )
1
2  where X is mole fraction and γ is the activity coefficient, hence: 
 
XBeol( )per .γ Beol
XBeol( )(pr)En .γ Beol
= exp -ΔGr (1.3:2-1.3:3)RT
⎛
⎝⎜
⎞
⎠⎟
1
2
 
(	  1.3:8	  )	  
 
 
The activity coefficients cancel out, assuming Henry’s law is obeyed, i.e. the activity 
coefficients are both equivalent to the activity coefficient at infinite dilution. In this 
case, as both the numerator and denominator of ( 1.3:8 ) are mole fractions, directly 
measured concentrations (i.e. ppm Be) can be used instead, for convenience. 
ΔGr(1.3:2-1.3:3) is the free energy of the reaction that results from subtracting ( 1.3:3 
) from ( 1.3:2 ): 
 
2Mg2SiO4 = Mg2Si2O6 + 2MgO  
            ol                           opx             
 
(	  1.3:9	  )	  
 
The free energy of reaction ( 1.3:9 ) can be readily calculated using data from, 
for example, Holland and Powell (2011), as a function of temperature; this is then 
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converted into the predicted ratio of interface concentrations using ( 1.3:8 ). For 
convenience, ΔGr of ( 1.3:9 ) has been fitted to an a+bT+cTlnT relationship, with the 
fitting parameters presented in the Appendix (VI.I), along with other thermodynamic 
data. 
This treatment predicts that, if the equilibrium substitution is a Be2SiO4 
complex (i.e. Be on the M site), then at 1150 °C the Be concentration should be 
around twelve times higher when the fo-bro-prEn assemblage is used as a diffusant 
source compared when fo-bro-per is used.  
Figure 1.3.7 shows the ratio of Be concentration in periclase buffered 
experiments to that in (proto)enstatite buffered experiments, along with the theoretical 
curves describing the ratio predicted by equation ( 1.3:9 ) and the equivalent assuming 
2Be2+ replace one Si4+. Firstly, this confirms that Be replaces Mg2+, not Si4+ (as noted 
above), and secondly that the observed Be concentration ratios are realistic when 
compared to a completely independent thermodynamic dataset. 
 
 
Figure	  1.3.7:	  Ratio	  of	  Be	  concentrations	  at	  the	  crystal-­‐buffer	  interface	  between	  fo-­‐bro-­‐per	  and	  fo-­‐bro-­‐
(pr)En	  buffered	  experiments	  over	  the	  full	  range	  of	  temperature	  investigated.	  The	  top	  and	  bottom	  
curves	  are	  theoretical	  ratios	  assuming	  Be	  substitutes	  on	  the	  T	  site	  (Mg2Be2O4)	  and	  M	  sites	  (Be2SiO4),	  
respectively.	  The	  derivation	  of	  the	  curves	  is	  described	  in	  the	  text.	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1.3.4.2 Free energy of formation of the Be2SiO4 complex in olivine 
The free energy formation of Be2SiO4 (as phenakite) from BeO and SiO2 can 
be calculated using known free energy of formation from the elements of these three 
phases (tabulated by Robie and Hemingway (1995), measured by Hemingway (1987), 
Hemingway et al. (1986), Richet et al. (1982) and Victor and Douglas (1963).  
However, the equivalent free energy of the Be2SiO4 complex in olivine is not known, 
but can be extracted from the data in this study given that ΔGf of all other relevant 
phases have been tabulated by Holland and Powell (2011) and Robie and Hemingway 
(1995).  
The free energy of reaction ( 1.3:2 ) (i.e. formation of Be2SiO4 in olivine in 
periclase-buffered conditions) is expressed as: 
 
ΔGr (1.3:2) = 2ΔGf (MgO) + ΔGf (Be2SiO4 ) - 2ΔGf (BeO) - ΔGf (Mg2SiO4 )  
                                                             ol 
(	  1.3:10	  )	  
 
As described above, assuming the activity coefficient is negligible, the free energy of 
this reaction can be readily calculated using the relationship: 
 
−ΔGr (1.3:2)=RT 2ln(XBe
ol )  (	  1.3:11	  )	  
 
Where the two is because there are two Be per Be2SiO4 unit. XBeol  is determined using 
( 1.3:12 ):  
 
XBe
Ol = (Be(ppm)×10
-6 )× (40.30× 2x+71.84× (2-2x)+60.08)
9.01
 
(	  1.3:12	  )	  
 
where x is XMg/(XMg+XFe) of the olivine. 
The values of ΔGr( 1.3:2 ) and ΔGr( 1.3:3 ) were determined at each 
experimental temperature, then fitted to a straight line ΔGr=a+bT relationship. The 
values of a and b are given in Appendix V.I. 
The free energy of the reaction forming forsterite from the oxides 
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  
2MgO +  SiO2 =  Mg2SiO4  
                                                     ol 
(	  1.3:13	  )	  
 
 is likewise expressed as: 
 
ΔGr (1.3:13)= ΔGf (Mg2SiO4 ) - 2ΔGf (MgO) - ΔGf (SiO2 )  (	  1.3:14	  )	  
 
Adding ( 1.3:10 ) to ( 1.3:14 ) gives: 
 
ΔGr (1.3:2) + ΔGr (1.3:13) = ΔGf (Be2SiO4 ) - ΔGf (SiO2 ) - 2ΔGf (BeO)                                                               ol 
(	  1.3:15	  )	  
 
where ΔGr(1.3:2)+ΔGr (1.3:13)is the free energy of reaction ( 1.3:16 ): 
 
  
2BeO +  SiO2 =  Be2SiO4  
                                         ol 
(	  1.3:16	  )	  
 
Given that the free energy of formation of MgO, SiO2 and BeO (from the oxides) is 
zero, the free energy of formation of Be2SiO4 with the structure of olivine can be 
calculated at each experimental temperature using ( 1.3:17 ): 
 
ΔGf (Be2SiO4 )ol  =ΔGr (1.3:17)= ΔGr (1.3:2) + ΔGr (1.3:13)  (	  1.3:17	  )	  
 
A similar treatment can be applied to the mole fraction Be from (proto)enstatite 
buffered experiments, by adding ΔGr( 1.3:18 ) to ΔGr( 1.3:3 ): 
 
  
Mg2SiO4 +  SiO2 =  Mg2Si2O6 
           ol                                             opx 
(	  1.3:18	  )	  
 
The ΔGf(Be2SiO4) (olivine structure) data for each temperature is then fitted to a 
general ΔG=a+bT relationship. This is shown in Figure 1.3.8 and in the Appendix, 
along with ΔGf of Be2SiO4 with the phenakite structure (determined from Robie and 
Hemingway, (1995)). 
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Figure	  1.3.8:	  Gibbs	  free	  energy	  of	  the	  reactions	  forming	  Be2SiO4	  with	  the	  phenakite	  and	  olivine	  
structures,	  from	  Robie	  and	  Hemingway	  (1995)	  and	  this	  study,	  respectively.	  The	  steepness	  of	  the	  
reaction	  forming	  Be2SiO4	  in	  olivine	  suggests	  a	  large	  entropic	  contribution	  to	  ΔG.	  
	  
The very strong temperature dependence of ΔGfBe2SiO4 (ol) suggests a large 
entropy term for Be2SiO4 (ol). Physically, this may be rationalized by considering that 
the position of the Be cation within a large M-site is subject to high 
disorder/uncertainty. The small Be2+ cation has anomalously high vibrational entropy 
in whichever octahedral site it occupies, and possibly some configurational entropy if 
there is a multiplicity of positions for Be2+ within that site. This phenomenon has been 
observed in pyrope, for example (see Baima et al. (2015) and references therein). 
Alternatively, the high entropy may relate to the Be2+ cation being able to locate on 
any of the usually unoccupied tetrahedral sites in olivine, charge balanced by a nearby 
M-site vacancy. 
In addition, it can be deduced that, hypothetically, at some very high T 
(around 3000 °C), phenakite will have the olivine structure (if it were still solid, 
which it will not be). 
 
1.3.4.3 Be diffusion mechanism – no effect of aSiO2 or H2O 
The striking difference between the diffusion of Be and that of other elements 
investigated using the same experimental procedure (Jollands et al. 2014,  Zhukova et 
al. 2014, Chapters 1.2 (Mg), 1.5 (Zr, Hf), 1.6 (Cr), 1.7 (Ti)) is that chemical activity 
has no effect on the rate of diffusion. The general assumption is that at high activity of 
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silica (i.e. (proto)enstatite-present conditions), vacancies are encouraged on the M-
sites of olivine, which leads to faster diffusion of any cation that uses an M-site 
vacancy pathway (see previous Chapter). The lack of dependence on aSiO2 can be 
explained by considering the information determined from the thermodynamic 
treatment above. 
When a Be2+ cation replaces Mg2+ on an octahedral site, the size difference is 
considerable: Be2+ is far too small to fill the site. As a result, the Be2+ cation is likely 
to be moving between different positions in the site; the charge distribution within the 
M-site will be determined by the six to eight adjacent oxygen anions; so the cation is 
likely to move between at least six poorly-defined positions. This manifests itself in a 
very high entropy of reaction ( 1.3:16 ) (steep ΔG vs T curve in Figure 1.3.8).  
As the Be2+ is already mobile within the site, any diffusive hops to adjacent M-sites 
are likely to be more probable than for a cation with a more well-defined position.  
Alternatively, as hypothesized above, and by Van Orman and Krawczynski (2015) 
using the findings of Spandler and O’Neill (2010), Be can be considered as a small 
(tetrahedral) interstitial cation, charge-balanced by a nearby vacant M-site. The M-site 
vacancy is highly mobile, and can readily exchange places with an adjacent Mg2+ on 
an M site. At the same time, the Be2+ will also hop into an interstitial site adjacent to 
the previously occupied M-site.  
In either case, the Be2+ cation is effectively associated with its own M-site 
vacancy, either because it is highly mobile within an M site or because it is adjacent 
to a vacant M-site. Therefore, the diffusion of Be is unlikely to be affected by the 
overall vacancy concentration of the crystal, it does not have to wait to encounter a 
randomly-walking M-site vacancy in order to move: the two are coupled and travel 
together. This is akin to the mechanisms of diffusion proposed for the other fast-
diffusing cations, hydrogen (Demouchy and Mackwell, 2003) and lithium (Dohmen et 
al., 2010). This is also likely to be the reason that Be diffusion is not affected by 
olivine composition (excluding the effect of composition on anisotropy - below)  - the 
higher vacancy concentration of natural olivine compared to synthetic forsterite (e.g. 
Dohmen and Chakraborty, 2007) is not seen by the Be2+.  
This is also the reason that Be diffusion is not affected by the presence of 
water. Two hydrogen replacing Mg2+ form a highly mobile hydroxylated M-vacancy 
([Mg] defects in Figure 1.3.6) that should increase the diffusivity of any M-site cation 
in the same way as anhydrous vacancies. As Be2+ effectively travels with its own 
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vacancy, the presence or absence of hydrous [Mg] defects should have no effect on 
diffusivity for the same reasons as presented above for the anhydrous case. 
 
1.3.4.4 Diffusive anisotropy 
In all experiments in forsterite, the fastest diffusion is along [001], and the 
slowest along [100]. The reason for fast diffusion along [001] is well known (e.g. 
Buening and Buseck, 1973); the M1 sites in olivine form chains along this direction 
with short spacing (2.98Å) between the sites. Only elements that partition strongly 
onto the (relatively small) M1 site are able to use this pathway; the (relatively large) 
M2 site spacing along [001] is 5.95Å for jump parallel to [001] or 2 x 3.84Å for two 
shorter jumps that accomplish the same overall motion. The bond spacing along [100] 
is longer; 4.861Å regardless of which M site is used (Figure 1.3.9). 
 
 
Figure	  1.3.9:	  M	  site	  distribution	  in	  one	  unit	  cell.	  Left:	  Jump	  distances	  for	  diffusion	  along	  [001].	  The	  
shortest	  jump	  distance	  is	  between	  adjacent	  M1	  sites.	  Middle:	  jump	  distances	  along	  [010].	  The	  
shortest	  jumps	  are	  between	  M1	  and	  M2.	  Right:	  jumps	  along	  [100].	  Cations	  that	  order	  onto	  M1	  are	  
able	  to	  utilize	  the	  closely-­‐spaced	  chains	  along	  [001],	  cations	  ordering	  onto	  M2	  are	  not.	  
	  
D[001] and D[010] are independent of composition over the range studied, but 
D[100] is greater in fo90 than in pure forsterite, resulting in different anisotropy with 
D[001]>D[010]≈D[100], in agreement with the Be diffusion coefficients determined by 
Spandler and O’Neill (2010). The reason for this discrepancy is not known, partly 
because the underlying cause for anisotropy of diffusion along [100] and [010] in 
forsterite is unclear. 
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1.3.4.5 Comparison with diffusion rates of other cations 
In olivine, the rates of diffusion tend to fall into several groups. The slowest 
diffusers are Si4+ and O2-, then Mg2+ and similar cations (i.e. cations substituting for 
Mg2+) are several orders of magnitude faster. Orders of magnitude faster again is the 
diffusion of H+. Be diffusion is highly advantageous in this regard; it fills the 
diffusivity gap between Mg2+ and H+ (Figure 1.3.10). As will be discussed below, this 
is likely to give it considerable utility as a tool for geospeedometry for geological 
events where Fe-Mg interdiffusion, for example, is too slow and H+ diffusion is too 
fast. 
 
 
Figure	  1.3.10:	  Be	  diffusion	  as	  compared	  to	  other	  ions	  in	  olivine	  (data	  for	  other	  elements	  refer	  to	  [001]	  
only).	  References:	  (D10):	  Interstitial	  Li+	  (Dohmen	  et	  al.,	  2010);	  (J15):	  H+	  in	  Ti	  doped	  forsterite	  (Jollands	  
et	  al,	  submitted	  2015	  (presented	  in	  Chapter	  2.2));	  (D03):	  H+	  in	  pure	  forsterite	  (Demouchy	  and	  
Mackwell,	  2003);	  (Pink	  circle):	  Li+	  in	  complex	  system	  with	  many	  diffusing	  trace	  elements	  (Spandler	  
and	  O'Neill,	  2010);	  (D07):	  Fe-­‐Mg	  interdiffusion	  at	  logfO2	  =	  -­‐7	  (Dohmen	  et	  al.,	  2007);	  (C94):	  
26Mg	  tracer	  
diffusion	  in	  pure	  forsterite	  (Chakraborty	  et	  al.,	  1994);	  (J15b):	  26Mg	  tracer	  diffusion	  in	  pure	  forsterite	  –	  
previous	  chapter;	  (DO2):	  29Si	  tracer	  diffusion	  in	  natural	  olivine	  (Dohmen	  et	  al.,	  2002b).	  	  
	  
1.3.4.6 Be diffusion as a tool for geospeedometry? 
The use of diffusion modelling as a tool for determining timescales of 
geological events requires detailed understanding of the effect of various parameters 
on diffusion rates. As shown in the previous chapter (and later chapters), aSiO2 can 
affect the diffusion rate of cations diffusing on the M-site, hence the aSiO2 of the 
natural system being studied should be similar to that of the experiment. Oxygen 
fugacity can affect diffusion of cations with multiple valence state (see Chapters 1.6 
and 1.7), or diffusion in a matrix with redox variability, especially notable for olivine 
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where several tens of ppm Fe can be Fe3+ (e.g. Dohmen and Chakraborty, 2007; 
Nakamura and Schmalzried, 1983; 1984). Some cations may have several different 
diffusion mechanisms, each with their own diffusion coefficient. For example, Li+ can 
substitute interstitially, on the M-site or can undergo a coupled substitution with a 
trivalent cation (e.g. Grant and Wood, 2010). In each case, the diffusion rate will be 
different (Dohmen et al., 2010 c.f. Spandler and O’Neill 2010). The same is true for 
hydrogen diffusion (Chapters 2.2 and 2.3, Padrón-Navarta et al, 2014). 
Beryllium does not suffer from these problems, but it does, however, have 
limitations. The anisotropic nature of Be diffusion, especially at low temperatures 
(Figure 1.3.5) means that timescale determination requires high quality orientation 
data. This is readily achieved however, using, for example, EBSD. 
The main limitation of Be as a geospeedometry tool is, of course, its 
incompatibility. Experimentally, it is possible to dope olivine with ppm levels of Be, 
but given that the presence of Be phases (bromellite, phenakite, beryl etc) are highly 
unlikely in natural settings where olivine is stable, the natural abundances are 
considerably lower. Few studies have measured Be in olivines (Kaeser et al., 2007; 
Kaliwoda et al., 2008; Konzett et al., 2013; Vils et al., 2008), but the general 
observation is that the concentrations are on the parts-per-billion level or below the 
limit of detection by SIMS. However, we predict that with advances in ion 
microprobe and ICP-MS technology in the coming years or decades, Be diffusion 
profiles will eventually be readily measured using standard techniques. In the 
following section, we show this is already possible, albeit after a targeted search for 
xenocrysts with a high likelihood of Be diffusion profiles.  
 
1.3.5 Application of Be diffusion 
The experimental determination of precise diffusion coefficients, as above, 
when coupled with measurements of natural diffusion profiles, allows timescales of 
‘thermal events’ to be determined.  
In the example presented herein, the start of the ‘thermal event’ is the 
entrainment of an olivine crystal into a magma from which it was not formed (i.e. a 
xenocryst). The magma then acts as the Be source (i.e. the buffer) and the olivine as 
the target crystal. In this case, the temperature  at which diffusion occurred can be 
calculated independently using geothermometry, and the diffusion coefficient along 
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each principal axis is known from the experiments. From this, timescales of heating 
can be estimated.  
Diorite, Handan-Xingtai, China 
A large (~1cm) olivine xenocryst hosted in a high-Mg diorite was selected 
from a suite of rocks from Handan-Xingtai, China. These rocks have been previously 
characterized using geothermobarometry and for diffusion profiles in xenocryst 
olivines by Qian et al (2010). The diorite was emplaced in an intracontinental setting 
(central North China block) in the early Cretaceous. The pressure and temperature of 
magmatic emplacement for the magma suite was estimated at 0.4 GPa and around 950 
°C. The diorite includes hydrous phases, notably mica and amphibole, and quartz, 
showing that the olivine was not in equilibrium in the magma. Analytical methods 
used for characterising the xenocryst are presented in the Appendix VI.II. 
Fe-Mg and Be profiles 
Beryllium, measured by SHRIMP-RG (Figure 1.3.11) shows a ~3 mm long 
concentration-distance profile along [001], which, when fitted to the experimental Be 
diffusion coefficient (using the error function, as presented in Chapter 1.1) at 950 °C, 
gives the duration of the thermal event as around 100 years. As the effect of olivine 
composition on diffusive anisotropy is poorly understood, data from the perpendicular 
axis is not used for timescale determination, instead the timescale from the [001] axis 
is used to determine the diffusion coefficient at 950 °C along this axis (see Figure 
1.3.11) 
Fe-Mg also shows a clear concentration gradient, with lower Mg/(Fe+Mg) at 
the rim than in the core (~0.83 and 0.93 respectively). Given that the rate of Fe-Mg 
interdiffusion is dependent on olivine composition (Chakraborty, 1997; Dohmen and 
Chakraborty, 2007), it may not be possible to fit the data to an analytical solution to 
Fick’s second law because the value of logD is not a constant (higher at the rim, lower 
in the core) and over time. Instead, the Fe-Mg profiles were fitted to a partial 
differential equation that takes into account the changing diffusivity over time and 
distance ( 1.3:19 ): 
 
  
∂CFo
∂t =  
dDFe-Mg
dCFo
∂CFo
∂x
⎛ 
⎝ 
⎜ 
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⎟ 
2
+ DFe-Mg
∂ 2CFo
∂ 2x  
(	  1.3:19	  )	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In ( 1.3:19 ), t is time, x is distance, DFe-Mg is the Fe-Mg interdiffusion coefficient and 
CFo is the mole fraction of forsterite in the lattice. A finite differences numerical 
solution to ( 1.3:19 ) is available in the Matlab-hosted software DIPRA (by Girona 
and Costa (2013), available from www.earthobservatory.sg), which fits measured 
diffusion profiles to the experimentally determined Fe-Mg diffusion coefficients of 
Dohmen and Chakraborty (2007). DIPRA modeling gives a timescale for diffusion of 
around 1600 years assuming that the thermal event had a constant 950 °C temperature 
(Figure 1.3.11c).  
 The discrepancy between the two timescales may be resolved by considering 
the effect of water. FTIR analyses shows that the olivine contains OH (Figure 1.3.11). 
Wang et al. (2004) and Hier-Majumder et al. (2005) suggested that the presence of H+ 
could enhance the diffusivity of Fe-Mg by around 1-2 orders of magnitude (whereas 
we show that H+ does not effect Be diffusion), which reduces the Fe-Mg timescale to 
around 160 years, in good agreement with the Be timescale.  
 Therefore, Be diffusion can be used to determine timescales of some 
geological events, but of course the concentration of Be must be sufficiently high to 
be measured using LA-ICP-MS or ion probe. In order to extract timescales from Fe-
Mg diffusion profiles, the temperature, fO2, fH2O, crystal orientation and olivine 
composition must be known. Extracting times from Be is much more straightforward; 
this only requires the temperature and crystal orientation to be known. All other 
variables have no effect. 
 
1.3.6 Summary 
• Be diffusion is faster than Fe-Mg inter-diffusion (and Mg self diffusion) in 
olivine, and slower than hydrogen diffusion. It is both faster and slower than Li 
diffusion, given that Li diffusion suffers from multiple diffusion mechanisms and 
multiple charge-balancing mechanisms. Beryllium fills a gap in known cation 
diffusion rates in olivine. 
• Be either diffuses interstitially, charge-balanced by M-site vacancies, or freely 
moves between multiple positions within M-sites. In either case, the 
concentration of M-site vacancies in the crystal does not affect the rate of Be 
diffusion – the Be2+ cation effectively, or actually, travels with its own vacancy. 
Therefore, Be diffusion is independent of aSiO2, fO2 and fH2O, a significant 
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benefit over most other elements for which these variables significantly affect the 
diffusivity. Be requires no charge balancing in olivine and therefore its diffusivity 
is also independent of the concentrations of other elements. 
• If measurable, Be diffusion profiles in olivine may provide a mechanism for 
studying short timescales. Measurable Be profiles are most likely in xenocrysts in 
either very low fraction or highly evolved magmas, or any others that concentrate 
incompatibles. Be diffusion in other minerals may also prove useful in 
metamorphic settings, where beryl may be an equilibrium phase, for example. 
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Figure	  1.3.11:	  Various	  data	  relating	  to	  the	  Handan-­‐Xingtai	  olivine	  xenocryst	  in	  a	  diorite	  host.	  (a)	  BSE	  
image	  showing	  clear	  Fe-­‐Mg	  zoning	  (circles	  are	  locations	  of	  SHRIMP-­‐RG	  analyses)	  and	  EBSD	  pattern	  
used	  to	  determine	  crystal	  orientation	  with	  unit	  cell	  representation.	  (b)	  FTIR	  data	  –	  hydroxyl	  map	  of	  
the	  whole	  crystal,	  showing	  pervasive	  serpentisation	  through	  the	  crystal	  (along	  the	  cracks).	  Extracted	  
spectra	  from	  core	  and	  rim	  of	  the	  crystal,	  showing	  firstly	  no	  apparent	  variation	  and	  secondly	  no	  
hydroxyl	  associated	  with	  M-­‐site	  vacancies	  or	  trivalent	  cations.	  (c)	  Mg	  Kα	  X-­‐ray	  map	  and	  extracted	  
[100]	  and	  [001]	  profiles,	  with	  fits	  to	  the	  diffusion	  data	  using	  DIPRA	  (see	  text).	  (d)	  Be	  concentrations	  
(determined	  using	  SHRIMP-­‐RG)	  as	  a	  function	  of	  distance	  from	  the	  crystal-­‐melt	  interface,	  measured	  
along	  [001]	  and	  [100].	  Modelling	  using	  the	  [001]	  profile	  suggests	  a	  ~110	  year	  residence	  time	  at	  950°C	  
(the	  quoted	  error	  is	  based	  on	  curve	  fitting	  only).	  Using	  this	  time,	  the	  diffusion	  coefficient	  along	  [100]	  
at	  950°C	  is	  10-­‐17.1m2s-­‐1.	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I.D.	   T	  °C	   log	  fO2	   ΔQFM	   P	  (GPa)	   t	  (days)	  
[rounded]	  
t	  (s)	   Fo-­‐Bro-­‐(pr)En	   Fo-­‐Bro-­‐Per	  
logD	  
[001]	  
logD	  
[001]	  
logD	  
[100]	  
Interface	  Be	  
(ppm)	  
logD	  
[001]	  
logD	  
[010]	  
logD	  
[100]	  
Interface	  Be	  
(ppm)	  
Experiments	  in	  synthetic	  forsterite	  
BeFor7	   956	   -­‐0.68	   +11.1	  
	  
1	  
x	  
10
-­‐4
	  (1
	  a
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e	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)	  
31	   2678400	   -­‐15.62	  
(0.05)	  
-­‐15.48	  
(0.11)	  
-­‐	   -­‐	   2.2	  (0.1)	  
	  
3.3	  (0.8)	  
	  
	  
-­‐15.68	  
(0.18)	  
-­‐	   -­‐	   	  
	  
0.35	  (0.1)	  
BeFor2	   1059	   -­‐0.68	   +9.6	   26	   2221200	   -­‐14.77	  
(0.01)	  
-­‐14.67	  
(0.16)	  
-­‐	   -­‐	   7.0	  (0.2)	  
	  
9.9	  (1.7)	  
	  
-­‐14.91*	  
(0.15)	  
-­‐14.76	  
(0.10)	  
-­‐	   -­‐	   0.9	  (0.2)	  
	  
0.8	  (0.2)	  
	  
BeFor4	   1158	   -­‐0.68	   +8.2	   13	   1105200	   -­‐14.08	  
(0.01)	  
-­‐15.15	  
(0.06)	  
-­‐16.09	  
(0.03)	   18.9	  (1.6)	  
-­‐14.16	  
(0.01)	  
-­‐15.48	  
(0.09)	  
-­‐16.03	  
(0.23)	   2.2	  (0.5)	  
BeFor6	   1254	   -­‐0.68	   +7.1	   5	   426960	   -­‐13.63	  
(0.02)	  
-­‐13.58	  
(0.06)	   -­‐	  
-­‐15.25	  
(0.11)	  
	  
	  
38.7	  (1.0)	  
	  
43.9	  (3.0)	  
	  
-­‐13.69	  
(0.03)	  
	  
	  
-­‐14.74	  
(0.07)	  
	  
	  
-­‐15.4	  
(0.03)	  
	  
	  
4.3	  (0.1)	  
	  
	  
	  
BeFor3	   1315	   -­‐0.68	   +6.5	  
	  
4	   355680	   -­‐13.31	  
(0.01)	  
-­‐14.23	  
(0.01)	  
-­‐14.89	  
(0.05)	   60.7	  (2.4)	  
-­‐13.36	  
(0.03)	  
-­‐14.35	  
(0.04)	  
-­‐14.89	  
(0.05)	   6.9	  (1.1)	  
BeFor1	   1400	   -­‐0.68	   +5.6	   1.5	   120000	   -­‐	   -­‐	   -­‐	   -­‐	   -­‐12.96	  
(0.05)	  
-­‐13.77	  
(0.05)	  
-­‐14.45	  
(0.05)	   15.3	  (2)	  
BeFor5	   1475	   -­‐0.68	   +4.9	   0.25	   21600	   -­‐	   -­‐	   -­‐	   -­‐	   -­‐12.71	  
(0.09)	  
-­‐13.39	  
(0.09)	  
-­‐13.86	  
(0.07)	   22.7	  (2.9)	  
BeFoHy	   1050	   unbuffered	   1.15	   3	   257040	   -­‐14.95	  
(0.03)	  
	   	   6.0	  (0.4)	  
	   	   	   	  
Experiments	  in	  fo90	  
BeOlD3	   1163	   -­‐9.6	   -­‐0.7	  
1	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pr
es
su
re
)	  
6	   490500	   -­‐	  
	  
-­‐15.12	  
(0.04)	   16.2	  (1.1)	  
-­‐	  
	  
-­‐15.26	  
(0.05)	   2.3	  (0.4)	  
BeOlD1	   1250	   -­‐8.4	   -­‐0.6	   2	   171900	   -­‐13.46	  
(0.05)	  
-­‐14.23	  
(0.05)	  
-­‐14.57	  
(0.05)	   37.8	  (2)	  
-­‐13.50	  
(0.10)	  
-­‐14.45	  
(0.05)	  
-­‐14.78	  
(0.06)	   4.8	  (0.6)	  
BeOlD2	   1350	   -­‐7.2	   -­‐0.4	   1	   79200	   	   	   -­‐	  
-­‐	  
-­‐13.03	  
(0.05)	   	  
-­‐14.15	  
(0.02)	   10	  (2.5)	  
BeOlD4	   1250	   -­‐5.7	   +2.1	   2	   154800	   -­‐	   	   -­‐14.36	  
(0.01)	  
22.0	  (0.5)	   -­‐	   	   -­‐14.62	  
(0.03)	  
4.4	  (0.1)	  
Table	  1.3.1:	  Experimental	  conditions	  plus	  determined	  diffusion	  coefficients	  and	  interface	  concentrations.	  Most	  data	  were	  measured	  using	  LA-­‐ICP-­‐MS	  in	  scanning	  mode	  
(Roman	  text).	  *determined	  using	  a	  series	  of	  LA-­‐ICP-­‐MS	  spots	  spaced	  away	  from	  the	  interface.	  Bold,	  italic	  data	  were	  measured	  using	  SHRIMP-­‐RG.	  Errors	  are	  standard	  
deviations	  of	  at	  least	  five	  repeat	  analyses	  (for	  LA-­‐ICP-­‐MS	  scans)	  or	  estimations	  of	  permissible	  curve	  fits	  encompassing	  >90%	  of	  data,	  including	  errors	  in	  distance	  and	  
measured	  concentrations	  (LA-­‐ICP-­‐MS	  spot	  analyses	  and	  SHRIMP-­‐RG	  analyses).	  Experiment	  BeFoHy	  was	  conducted	  in	  the	  presence	  of	  water	  in	  the	  piston	  cylinder.	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1.4 Concentration-dependent diffusion of a trivalent cation in 
forsterite: Sc diffusion at 1400 °C 
 
Abstract 
The effect of Sc concentration on Sc diffusion in pure forsterite was 
determined at 1400 °C by annealing single crystal forsterite with forsterite + 
protoenstatite powder doped with varying amounts of Sc2O3. Interface Sc 
concentrations vary between around 2.5 ppm and 1900 ppm, with the highest 
concentrations when the buffer powder also contains thortveitite (Sc2Si2O7). 
The diffusivity scales positively with interface concentration – the difference 
in diffusion profile length (semi-quantitatively defined as ‘penetration depth’) is 
around three times longer when the Sc concentration is highest compared to its lowest 
value. The rate of change of diffusivity with increasing interface Sc is greater below 
800-900 ppm than above this value, interpreted as a change in Sc-vacancy binding 
energy. 
The concentration dependence of diffusivity probably means that Sc diffusion 
is of limited use in timescale determinations.  
1.4.1 Introduction 
In previous chapters, it has been demonstrated that chemical activities must be 
controlled when conducting major or trace element diffusion studies. Chapters 1.2 and 
1.3 were still relatively simple, however, in that Mg2+ and Be2+ were able to substitute 
directly for Mg2+ already in the crystal - no coupled substitution is necessary for 
charge balance. In this chapter, another layer of complexity is added by considering 
Sc3+, a cation that necessarily requires some charge-balancing agent to substitute for 
Mg2+ in the forsterite lattice.  
In natural systems, substitution of a trivalent cation for M2+ can be charge-
balanced by replacement of an adjacent M2+ by a monovalent cation, such as Li+, Na+ 
or H+. In the pure system (pure forsterite, Mg2SiO4), no coupled substitution with 
another aliovalent cation is possible. Instead, the excess charge from two trivalent 
cations replacing two Mg2+ must be accommodated by formation of a single M-site 
vacancy (e.g. Evans et al., 2008).  
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This may then have an effect on diffusion – more vacancies may lead to faster 
diffusion. This has been shown in some detail for trivalent cation diffusion in 
periclase (Crispin, 2011; Crispin and Van Orman, 2010; Van Orman and Crispin, 
2010; Van Orman et al., 2009), but has not yet been considered for olivine.  
In this study, we show that the diffusion of a trivalent cation in forsterite is indeed 
dependent on its concentration. To do so, we use Sc3+, the trivalent cation with the 
highest partition coefficient in olivine (Spandler and O'Neill, 2010) such that a wide 
range of interface concentrations can be easily accessed.  
1.4.2 Methods 
1.4.2.1 Experimental 
Ten Sc source mixes were made using the sol-gel technique. Each mix was 
designed to contain equal proportions (molar) protoenstatite and forsterite (fo-prEn), 
plus varying amounts of Sc2O3 between several ppm and 10 wt %. These were 
pressed into pellets and sintered at 1400°C, then verified by XRD. The highest Sc2O3 
concentration buffer sintered thortveitite (Sc2Si2O7) along with forsterite and 
protoenstatite (fo-prEn-tho). Probable phase relations are presented in Figure 1.4.1. 
 
 
Figure	  1.4.1:	  Probable	  phase	  relations	  in	  the	  Sc2O3-­‐SiO2-­‐MgO	  system.	  
	  
Precipitating the mixes from a liquid is advantageous as it homogenises the (in 
some cases) very low Sc concentrations without the need for extensive mixing in 
pestle and mortar.  
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The pellets were then reground, mixed with polyethylene oxide glue, and 
pasted onto polished, major axis oriented surfaces of pure forsterite. The majority of 
experiments were conducted to observe the effect of Sc concentration on diffusion 
along the [001] direction, with one experiment designed to test the effect of crystal 
orientation at a moderate Sc concentration (~800 ppm). These were then dried at ~100 
°C, placed on a bed of forsterite powder on a small Pt tray, then hung in a gas mixing 
furnace at 1400 °C for 550 hr (~23 days). 
 
1.4.2.2 Analytical  
Sc concentration-distance profiles were measured using LA-ICP-MS in 
scanning mode with the standard slit-shaped beam. 45Sc was measured for 0.8 s, 
internal standards 29Si and 25Mg for 0.01 s, and likely contaminants 57Fe and 27Al for 
0.05 s each. 
The measured Sc concentration in the crystal background is likely a 
combination of actual 45Sc and interference from 30Si + 15N. Zhukova (2014) 
measured around 2 ppm Sc in the starting forsterite, which is similar to the 
background measurements in these crystals (2-4 ppm). To avoid any assumptions, and 
because it has no effect on the conclusions in this chapter, the background Sc 
concentrations are assumed to be zero, and measured background values were simply 
subtracted from all data points using the average Sc at the end of the diffusion profile. 
 
1.4.2.3 Treatment of profiles 
To avoid assumptions regarding diffusion mechanisms, the diffusion is 
described only qualitatively in this chapter using “penetration distance”. The 
penetration distance of each profile is visually identified as the point at which the Sc 
concentration increases above background values (Figure 1.4.2). This is 
straightforward for the near-linear profiles, but when the profiles approach the 
background in a nearly asymptotic manner (see Figure 1.4.3, below) the penetration is 
determined as the point at which the Sc concentration increases above around one 
standard deviation of the background value (set to zero by the treatment of the 
profiles to remove 15N30Si contamination on mass 45). 
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Figure	  1.4.2:	  Determining	  penetration	  distance	  from	  a	  diffusion	  profile	  with	  near-­‐asymptotic	  
approach	  to	  the	  background	  values	  (corrected	  to	  zero).	  Only	  the	  very	  tail	  end	  of	  a	  profile	  is	  shown.	  
The	  penetration	  distance	  is	  determined	  visually	  as	  the	  point	  where	  the	  average	  Sc	  concentration	  (red	  
line	  is	  5	  point	  moving	  average)	  increases	  above	  around	  1	  standard	  deviation	  of	  the	  background	  value.	  
 
1.4.3 Results 
1.4.3.1 Shapes of diffusion profiles 
The shape of profiles is not constant between experiments (Figure 1.4.3). At 
the lowest concentrations (<10 ppm Sc) the profiles have a concave-up shape with a 
decreasing interface concentration (similar to that seen for 26Mg diffusion, Chapter 
1.2). At Sc interface concentrations up to 800-900 ppm, the concentration-distance 
profiles show a near linear concentration decrease away from the interface. At higher 
interface concentrations, the profiles are concave-up, with a geometry that is 
extremely similar to, but not exactly equal to, the error function.  
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Figure	  1.4.3:	  Example	  diffusion	  profiles.	  (a)	  low	  concentration,	  showing	  clear	  interface	  depletion	  and	  
curvature	  at	  the	  tail-­‐end.	  (b)	  medium	  concentration,	  near-­‐liner	  profile.	  (c)	  High	  concentration,	  
concave-­‐down	  profile.	  
 
	  
As a cautionary note, the high Sc profiles can approximately be fitted to the 
concentration – independent, constant interface concentration, infinite source and 
semi-infinite medium solution to the diffusion equation (Crank, 1975), despite its 
invalidity. The deviation from the fit is only clear at the tail end of the diffusion 
profile (Figure 1.4.4), and only because high spatial resolution techniques with 
favourable detection limits (LA-ICP-MS) are used (i.e. a profile measured by EPMA 
would have probably missed this small deviation).  
 
 
Figure	  1.4.4:	  Sc	  versus	  distance	  profile	  from	  the	  fo-­‐prEn-­‐tho	  buffered	  experiment	  showing	  a	  
satisfactory	  fit	  to	  the	  error-­‐function,	  except	  for	  a	  small	  deviation	  at	  the	  tail-­‐end	  of	  the	  profile.	  This	  is	  
only	  visible	  due	  to	  the	  extremely	  high	  data	  density	  provided	  by	  LA-­‐ICP-­‐MS	  in	  scanning	  mode	  –	  an	  
EPMA	  profile	  would	  almost	  certainly	  miss	  this	  deviation.	  
	  
1.4.3.2 Diffusion as a function of concentration 
The first order observation is that higher interface Sc concentrations lead to 
longer diffusion profiles (Figure 1.4.5a, Table 1.4.1) 
The penetration distance squared (squared as the normal units of diffusivity 
are m2s-1) is plotted against Sc interface concentration in Figure 1.4.5b, showing a 
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clear positive relationship between concentration and penetration for Sc 
concentrations up to around 800-900 ppm. Above this concentration, the penetration 
distance is either constant, or increases slightly as the interface Sc concentration 
increases. 
 
 
Figure	  1.4.5:	  Diffusion	  as	  a	  function	  of	  concentration.	  (a)	  example	  profiles	  from	  each	  crystal.	  Note	  
concentration	  is	  logarithmic.	  (b)	  Interface	  concentration	  against	  penetration^2	  from	  each	  crystal.	  
Error	  bars	  are	  standard	  deviations	  of	  	  interface	  concentrations	  and	  penetration	  from	  4-­‐6	  repeat	  laser	  
traverses.	  Grey	  area	  is	  illustrative	  only.	  
	  
1.4.3.3 Diffusive anisotropy 
Sc diffusion is anisotropic with the penetration greatest along [001] and least 
along [100], with [010] intermediate. As this preliminary test for anisotropy was made 
using one of the fo-prEn buffered (as opposed to fo-prEn-tho), the interface 
concentrations are not fully controlled, so it may be that part of the anisotropy effect 
occurs due to the different interface concentrations.  
1.4.4 Discussion 
1.4.4.1 Sc incorporation mechanism 
The substitution of Sc into olivine has been extensively studied – Beattie 
(1994), Colson et al. (1989), Evans et al. (2008), Grant and Wood (2010), Kennedy et 
al. (1993), Mallmann and O'Neill (2009) Nielsen et al. (1992) and Spandler and 
O'Neill (2010) provide experimentally determined olivine-melt partition coefficients. 
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In papers where the substitution mechanism is considered, the general consensus is 
that the most likely substitution mechanism in the pure system is that two Sc3+ replace 
two Mg2+, with a third M-site remaining vacant for the necessary charge balance, i.e. 
Sc3+4/3[vac]2/3SiO4 (or Sc3+2 [vac]Mg(SiO4)2 ), where [vac] is an M-site vacancy. A 
coupled substitution (e.g. MgSc3+Al3+O4 (Beattie, 1994) or Sc3+Li+SiO4 (Grant and 
Wood, 2010) for example) may be more likely in natural systems, but not in the 
majority of these experiments where no considerable Li+ or Al3+ are present (less than 
20 ppm Al in the starting forsterite). 
 
 
Figure	  1.4.6:	  Diffusive	  anisotropy,	  using	  the	  same	  Sc	  source	  powder.	  
 
 
Therefore, when buffered by forsterite-protoenstatite-thortveitite, the 
following reaction describes incorporation of Sc into the forsterite crystal: 
 
1
2 Sc2Si2O7+
1
4 Mg2SiO4=
3
4 Sc4/3
3+ [vac]2/3SiO4+
1
4 Mg2Si2O6                                ol                               ol                                  opx 
(	  1.4:1	  )	  
 
In the experiments with lower Sc concentrations (i.e. below saturation), the 
Sc4/3
3+ [vac]2/3SiO4 defect will be present in forsterite in the fo-prEn buffer powder, so 
will substitute directly into the single crystal Mg2SiO4.  
It should be noted that regardless of whether or not thortveitite is a present 
phase in the buffering assemblage, the silica activity will be controlled by the reaction 
forsterite plus silica equals protoenstatite, i.e. at 1400 °C aSiO2 should be 0.65 
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according to data from Holland and Powell (2011). The activity of scandia will not be 
fixed, hence only the fully buffered three-phase experiment is fully controlled 
according to the phase rule (see Chapter 1.1). 
 
1.4.4.2 Diffusion as a function of concentration 
Sc3+ diffusion in forsterite is concentration-dependent. The diffusion rate of Sc 
increases as the interface Sc concentration increases – the profiles with 2.5 ppm Sc at 
the interface are around half as long as those with around 100 ppm at the interface, 
and around one third as long as those with 400-500 ppm at the interface. At Sc 
concentrations over ~800-900 ppm at the interface, the rate of change of diffusivity as 
a function of increasing concentration decreases considerably – there is either a very 
small, or no, increase in diffusivity with increasing concentration (but this is difficult 
to evaluate with this dataset). The change in concentration versus diffusivity 
relationship is associated with a change in profile shape from near – linear to near 
error function (but not perfectly error-function shaped). 
Diffusion coefficients for Sc will not be presented in this chapter, instead a 
qualitative model for the change in diffusivity as a function of concentration is given. 
Fitting data to solutions to the diffusion equation necessarily makes assumptions 
about diffusion mechanisms, and this is not yet possible for these Sc in olivine 
profiles. 
At concentrations below 800-900 ppm Sc at the interface, Sc3+ is charge-
balanced by half a vacancy (i.e. two Sc3+ charge-balanced by one vacancy) but this 
vacancy is only weakly bonded to the Sc3+, and as such is free to move between M-
sites in the near vicinity of the Sc3+ (i.e. within a distance of several sites). Therefore a 
higher concentration of Sc3+ in the crystal leads to greater numbers of mobile 
vacancies. For the Sc3+ to move, it will need to exchange places with its own vacancy, 
or the vacancy of a nearby Sc3+, or one of the pre-existing vacancies in the forsterite 
(as discussed in the case of 26Mg diffusion; Chapter 1.2). Hence, the higher the 
concentration of Sc, the more likely it is that Sc3+ cations will encounter a roaming 
vacancy and make the diffusive hop. This leads to the near-linear diffusion profiles – 
these represent a decrease from fast diffusion at the interface (high probability of 
cation-vacancy exchange given the high vacancy concentration) to slow diffusion in 
the crystal core (see Crispin and Van Orman, 2010). 
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At high concentrations, the Sc3+ and vacancy become more tightly bonded. 
This increases the likelihood of the Sc3+ exchanging places with its own vacancy, but 
decreases the chance of the vacancy exchanging with another cation. The Sc diffusion 
rate is no longer dependent on the concentration of Sc, as the effective vacancy 
concentration (i.e. the amount of mobile vacancies) does not increase as the 
concentration of Sc is increased.  
These assertions are not purely speculative; Grant and Wood (2010) measured 
the partition coefficient of Sc3+ between pure forsterite and melt in a system 
nominally free of charge-balancing cations (e.g. Li+, Al3+, Na+) at a series of Sc 
concentrations. They determined that the partition coefficient changes as a function of 
Sc concentration (i.e. Henry’s law is not valid). Below ~ 500 ppm in their 
experiments, Dfo/melt (in this case, D is partition coefficient not diffusion coefficient) 
decreased as a function of increasing Sc, and above ~500 ppm Dfo/melt increased with 
increasing Sc in the melt. These observations were interpreted to reflect a change in 
speciation from [ScMg
• ][VMg
// ][ScMg
• ]  to [ScMg
• VMg
// ScMg
• ] , i.e. a change from three 
charge-coupled but weakly bonded defects to a single defect. The change in defect 
association occurs at different Sc concentrations in their experiments and this study, 
but it is likely that these two very different studies are manifesting the same change in 
behaviour in two different ways. This is a clear example of the necessity to couple 
diffusion experiments with partitioning experiments to gain a holistic understanding 
of the diffusive behaviour. 
 
1.4.4.3 Can Sc diffusion be used for timescale determinations? 
Given that Sc is a relatively compatible trivalent cation in olivine (Spandler 
and O’Neill, 2010), and Sc diffusion profiles have been observed in natural olivines 
(Qian et al., 2010; Tollan et al., 2015), it is worth speculating whether or not Sc 
diffusion profiles could be useful for determining timescales of geological processes. 
At first appearance, it seems that there is no hope for Sc, given the concentration 
dependence of diffusion. However, in both of the natural examples cited above, the 
interface concentrations of Sc were low – 4-6 ppm in both studies.   
In the two experiments with interface concentrations below 10 ppm, the 
diffusive penetration is almost identical, suggesting that below some concentration, 
diffusion of Sc becomes effectively concentration-independent. 
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With this considered, the profiles were both fitted to the error-function (see 
Chapter 1.1), taking only the tail end of the profiles for the curve fit to ignore the 
effect of depletion at the interface (Figure 1.4.7). The profile with ~2.5 ppm Sc at the 
interface yields a best fit logD value of -14.6±0.1 m2s-1, and the 6.5 ppm Sc profile 
gives logD = -14.7±0.1 m2s-1. 
 
 
 
Figure	  1.4.7:	  Diffusion	  profiles	  from	  the	  two	  lowest	  Sc	  concentration	  experiments	  fitted	  to	  the	  
solution	  to	  the	  diffusion	  equation	  for	  concentration-­‐independent,	  one	  dimensional	  diffusion	  (error	  
function)	  excluding	  the	  near-­‐interface	  region	  where	  the	  Sc	  concentration	  is	  depleted	  away	  from	  the	  
model	  curve.	  
	  
 
Using the best-fit Arrhenius parameters for 26Mg diffusion along [001] in fo-
prEn buffered conditions at 1400 °C from Chapter 1.2 (logD0=0.64 m2s-1, Ea=491 
kJmol-1), logD for 26Mg is -14.7±0.5 m2s-1. Therefore, it seems that Sc diffusion at 
very low concentrations is simply moving at the intrinsic rate for the diffusion of the 
octahedral sublattice in forsterite – rather than using its own M-site vacancies for 
diffusion it uses the Mg vacancies associated with Frenkel defects (interstitial Mg2+) 
and interstitial Si4+.  
Therefore, it may be postulated that Sc diffusion at very low concentrations in 
natural olivine occurs at the same rate as Fe-Mg interdiffusion – the equivalent of 
26Mg tracer diffusion in pure forsterite. To test this, experiments could be carried out 
to determine the rate of Sc diffusion at very low concentrations over a range of 
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temperatures, but realistically this is likely to be of limited use as the diffusion 
coefficients for Fe-Mg interdiffusion in olivine are already so well known (Dohmen et 
al., 2007; Dohmen and Chakraborty, 2007), and if natural olivines contain Sc 
diffusion profiles then they are highly likely to also contain Fe-Mg profiles. Fe-Mg is 
considerably easier to measure. 
 
1.4.5 Summary 
• Sc3+ diffusion in forsterite is dependent on the concentration of Sc at the 
interface. Higher concentrations lead to faster diffusion, but only up to around 
800-900 ppm at the interface, when the diffusion rate increase as a function of 
concentration decreases considerably. 
• Sc3+ diffusion is unlikely to be of use for timescale determinations due to its 
concentration-dependence. This is likely to be true for other trivalent cations 
substituting on the M sites in olivine with charge-balance by vacancy. 
• LA-ICP-MS gives extremely high data density when recording diffusion profiles 
in scanning mode. This is necessary to observe small deviations from error-
function behaviour. 	  
• The diffusion of Sc at very low concentrations appears to be concentration-
independent, and has the same rate, within error, of 26Mg tracer diffusion at the 
same temperature, aSiO2, orientation conditions.	  
 
 
 
I.D.	   Interface	  Sc	  (ppm)	   Diffusive	  penetration	  (µm)	  
ScODA1-­‐6	   3.5	  (0.9)	   247.5	  (25)	  
ScODA1-­‐1	   6.7	  (1.3)	   264	  (16.7)	  
ScODA1-­‐2	   84.8	  (11)	   374	  (28.8)	  
ScODA1-­‐5	   382	  (75.3)	   612	  (13)	  
ScODA1-­‐4	   438	  (74)	   607	  (9.7)	  
SCN2	   605	  (19.1)	   759.5	  (34.5)	  
SCN5	   861.3	  (29.5)	   817.5	  (10.6)	  
SCN6	   1170	  (21.6)	   763.8	  (9.7)	  
SCN4	   1618.8	  (82.6)	   823.6	  (10.5)	  
ScODA1-­‐3	   1841	  (174.9)	   832	  (13)	  
	  
Table	  1.4.1:	  Interface	  concentrations	  and	  diffusive	  penetration	  from	  Sc	  diffusion	  experiments	  (c	  axis	  
only).	  Numbers	  are	  averages	  of	  at	  least	  five	  LA-­‐ICP-­‐MS	  traverses,	  numbers	  in	  parentheses	  are	  the	  
associated	  standard	  deviations.	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1.5 Zr and Hf diffusion and partitioning in forsterite and natural 
olivine 
 
The following is modified from a paper published as Michael C. Jollands, Hugh St.C. 
O’Neill and Jörg Hermann (2014): The importance of defining chemical potentials, 
substitution mechanisms and solubility in trace element diffusion studies: the case of 
Zr and Hf in olivine”, in Contributions to Mineralogy and Petrology 168, p1-19. 
 
Abstract 
The diffusion, substitution mechanism and concentration limits of Zr and Hf 
in synthetic forsterite (Mg2SiO4) and San Carlos olivine (Mg0.9Fe0.1)2SiO4 have been 
investigated between 1200 and 1500 °C as a function of the chemical potentials of the 
components in the system MgO(FeO)-SiO2-ZrO2(HfO2). The effect of oxygen 
fugacity and crystallographic orientation were also investigated. The concentration of 
Zr in forsterite is highest and diffusion fastest at high aSiO2 when the coexisting three 
phase source assemblage includes ZrSiO4 (zircon) or HfSiO4 (hafnon), and lower and 
slower, respectively, when the source assemblage includes MgO (periclase). This 
indicates that Zr and Hf substitute on the octahedral sites in olivine, charge balanced 
by magnesium vacancies. Diffusion is anisotropic, with rates along the crystal axes 
increasing in the order [100] < [010] < [001]. The generalized diffusion relationship 
as a function of chemical activity (aSiO2) orientation and temperature is: 
 
logDZr =
1
4 log aSiO2 +logD0 -
368±17kJmol-1
2.30RT
⎛
⎝⎜
⎞
⎠⎟
   
  
where the values of log D0 are -3.8(±0.5), -3.4(±0.5) and -3.1(±0.5) m2s-1 in the [100], 
[010] and [001] directions, respectively. Most experiments were conducted in air 
(fO2=10-0.68) but one at fO2=10-11.2 bars at 1400 °C shows no resolvable effect of 
oxygen fugacity on Zr diffusion. Hf diffuses slightly slower than Zr. Diffusivities of 
Zr in forsterite are within experimental uncertainty of experiments in San Carlos 
olivine at 1400 °C, fO2=10-6.6 bars, showing that the controls on diffusivities are 
adequately captured by the simple system (nominally iron-free) experiments. 
Diffusivities are in good agreement with those measured by Spandler and O'Neill 
(2010) in San Carlos olivine using silicate melt as the source at 1300 °C, and fall 
within the same range as most measurements of Fe-Mg inter-diffusion in olivine. 
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Forsterite-melt partitioning experiments in the CaO-MgO-Al2O3-SiO2-
ZrO2/HfO2 show that the interface concentrations from diffusion experiments 
represent true equilibrium solubility. Calculations of predicted relative interface 
concentrations between zircon present and zircon absent experiments (high and low 
silica activity conditions, respectively) from thermodynamic databases agree well 
with the experimentally determined values. 
 
1.5.1 Introduction 
In Chapter 1.2, it was shown that the chemical activity of a system can affect 
the diffusion of major elements in olivine. In Chapter 1.3, this was extended to show 
the effect of chemical activities on trace element diffusion – in the case of Be there 
was no effect of aSiO2 on diffusion rate, but a considerable effect on interface 
concentrations. This is notably different from the findings of Zhukova et al. (2014) 
who showed that the rates of Ni2+ and Co2+ diffusion were both dependent on aSiO2. 
In Chapter 1.4 the effect of diffusant concentration on diffusion of a very compatible 
‘trace’ element – Sc3+ – was presented, and it was shown that Sc3+ appeared to 
become concentration–independent only at very low concentrations and at any 
concentrations over around 10 ppm, the diffusion rate of Sc3+ was dependent to some 
degree on Sc3+ concentration. 
With these findings considered, in this chapter we examine the diffusion and 
partitioning of two cations requiring vacancies for charge balance in olivine, Zr4+ and 
Hf4+. These cations are very incompatible in the olivine structure (e.g. Spandler and 
O’Neill, 2010) compared to Sc3+, hence are not expected to suffer from the same 
concentration-dependence issues as Sc3+. In addition, we present a direct comparison 
between diffusion and partitioning experiments in order to add another line of 
evidence that the interface concentrations do indeed represent equilibrium. 
Zr and Hf in olivine were chosen to be the target of this study because of the 
following experimental and theoretical advantages: 
1) The phase relations of the three-component systems MgO-SiO2-ZrO2, are well 
known and relatively simple. 
2) These phase relations are backed up by thermodynamic data for all the relevant 
phases (Holland and Powell 2011; O'Neill 2006), allowing quantitative checks on 
the Zr and Hf solubility relationships. 
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3) The solubilities of Zr and Hf in olivine in equilibrium with zircon may be 
independently checked by combining existing olivine/melt partitioning data with 
experiments determining zircon saturation in the same silicate melts. 
4) The concentrations of Zr and Hf over the range of interest can be determined 
precisely by laser-ablation ICP-MS, for experiments covering the temperature 
range (1200 °C to 1500 °C) at which diffusion takes places in analytically 
accessible length scales (~ 102 µm) over feasible experimental durations (a few 
weeks or less). 
5) Both Zr and Hf occur only in the one oxidation state (4+) over a large range of 
oxygen fugacities, so there is no additional complexity from having to consider 
more than a single diffusing species.  
6) The ionic radii of Zr and Hf allow location only on the octahedral sites in olivine, 
removing any complexities arising from multiple site solubility. 
7) The close similarity of Zr and Hf in their geochemical properties provides a 
check for consistency of the experimental results whilst also allowing evaluation 
of the mass dependence of diffusion. 
The results in the simple systems (diffusion in pure forsterite) are compared to 
diffusion of Zr and Hf in natural San Carlos olivine of major-element composition 
(Mg0.9Fe0.1)2SiO4, which contains the usual abundances of minor and trace elements 
typical of olivine from the upper mantle.  
 
1.5.2 Methods 
1.5.2.1 Diffusion experiments – experimental and analytical 
The standard powder source method was used for these experiments. Three 
phase assemblages of forsterite-protoenstatite-zircon (fo-prEn-zrc), forsterite-zircon-
tetragonal baddeleyite (fo-zrc-tbdd) and forsterite-periclase-tetragonal baddeleyite 
(fo-tbdd-per) were coupled to forsterite or natural San Carlos olivine (Fe was added to 
the buffer mixes for natural olivine experiments). The intended assemblage ZrO2-
(Mg,Fe)O-(Mg,Fe)2SiO4 also crystallized tetragonal zirconia (nominally Zr1-xMgxO2-x 
(i.e. partially stabilized zirconia, PSZ)) as a phase, giving a 4-phase assemblage. The 
presence of Fe in the iron-bearing assemblage may have catalyzed grain growth, 
causing the persistence of the tetragonal form on quenching, as commonly found in 
ZrO2 (O’Neill, 2006).  
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Hf was studied in two ways; firstly as a contaminant in Zr-bearing 
experiments, and secondly using three-phase assemblages equivalent to the Zr 
assemblages, but with hafnon instead of zircon and hafnia instead of baddeleyite (see 
Table 1.5.1 for experimental conditions).  
 
 
Figure	  1.5.1:	  Phase	  diagrams.	  MgO-­‐SiO2-­‐ZrO2	  from	  Foster	  (1951)	  and	  Berezhnoi	  and	  Karjakin	  (1952).	  
MgO-­‐SiO2-­‐HfO2,	  assuming	  same	  phase	  relations.	  
	  
These were annealed between 1200-1500 °C for ~2-90 days (see Table 1.5.1) 
and analysed using LA-ICP-MS using the standard slit-shaped beam scanning 
technique. 90Zr and 91Zr were counted for 0.1 and 0.3 s, respectively, along with the 
usual suite of elements. Raw data traces from these analyses are presented in Figure	  1.5.2. 
 
 
	  
Figure	  1.5.2:	  Raw	  count	  data	  from	  the	  ICP-­‐MS	  from	  three	  experiments.	  On	  the	  left	  hand	  side	  of	  each	  
is	  the	  pre-­‐ablate	  signal,	  where	  the	  mass	  spectrometer	  counts	  before	  the	  laser	  begins	  to	  ablate.	  On	  the	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right	  hand	  side	  of	  each	  is	  the	  interface,	  identified	  by	  a	  decrease	  in	  Si	  and	  Mg	  counts,	  and	  a	  sharp	  rise	  
in	  Zr	  (or	  Hf).	  No	  moving	  average	  or	  smoothing	  correction	  has	  been	  applied.	  (a)	  is	  from	  an	  experiment	  
with	  considerable	  contamination	  from	  iron	  (worst-­‐case	  scenario),	  shown	  by	  its	  long	  diffusion	  profile.	  
(b)	  is	  from	  San	  Carlos	  olivine	  where	  Fe	  and	  Mg	  are	  constant	  throughout,	  and	  (c)	  is	  from	  the	  low	  
oxygen	  fugacity	  experiments	  in	  forsterite.	  
	  
1.5.2.2 Partitioning experiments 
1.5.2.2.1 Experimental methods 
The starting mix for partitioning experiments was based on the multiply-
saturated melt composition at 4GPa of Davis and Schairer (1965) in the system CaO-
MgO-A2O3-SiO2 (in wt%: CaO=3.2, MgO=41.5; Al2O3=6.7; SiO2=48.6), prepared 
from oxides. The crystallization of olivine from this composition was studied by Tuff 
and O'Neill (2010) at atmospheric pressure. ZrO2 or HfO2 was added into the mix in 
various proportions from 0.5 wt% to 16 wt% (Table 1.5.2), and mixes were then 
ground under acetone in an agate mortar. Following drying, mixes were glued onto 
Pt/Rh loops using polyethylene oxide to form beads, which were then hung from a Pt 
chandelier in a 1 atm furnace, in air. The furnace was initially ramped up to 1500 °C 
in order to achieve total melting of the beads, then after around 6 hours the 
temperature was dropped to 1400 °C, and held for 10 days. The runs were quenched 
by dropping into a beaker of water positioned below the furnace tube. 
Following experiments, the melt-crystal beads were mounted in epoxy and 
polished to 0.25 µm using diamond paste. The mounts were then etched with Citranox 
acid detergent, which makes the olivine stand out from the glass for laser ablation 
ICP-MS analysis. 
1.5.2.2.2 Analytical methods 
LA-ICP-MS was used to determine the trace element composition of the glass 
and crystals, and EPMA for major elements in the glass. 
The laser aperture was masked to give a circular 16 µm-diameter laser spot, 
and the ICP counted for 60 seconds (20 s of background and 40 s of ablation time). 
25Mg and 29Si were both counted for 0.01 s, and 27Al and 57Fe for 0.05 s. 43Ca was 
counted for 0.1 s, and either 178Hf or 91Zr for 0.2 s. Si was used as the internal 
standard for forsterite, and Ca for glass. NIST610 glass was used as the external 
standard. The small size of newly grown forsterite meant that ablation pits often hit a 
crystal edge or drilled completely through the crystal. All analyses with anomalously 
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high Al, Ca or Zr or Hf were rejected as being contaminated by the glass composition 
for this reason. Standard measurements were made every ~10 sample measurements. 
Data were processed using Iolite freeware, as with the diffusion profiles (see Chapter 
1.1). 
Internal standard values of Ca in the glass, along with Zr, Hf, Al, Mg and Si 
for consistency were obtained using a Cameca SX100 electron microprobe. The 
column was set to 15 keV and 40 nA, with a beam size on sample of 10 µm. 
Standards were hafnon, zircon, quartz, corundum, periclase and wollastonite for Hf, 
Zr, Si, Al, Mg and Ca respectively. Si (Ka), Al (Ka) and Mg (Ka) used the TAP 
crystal, Zr (La) and Ca (Ka) used PET and Hf (La) was counted on LLIF. Peak 
counting times were 20 s for Ca, 30 s for Si, Al, Mg, 90 s for Zr and 120 s for Hf. 
Background measurements were taken for half peak time on either side. 
 
1.5.3 Results 
1.5.3.1 Partitioning of Zr and Hf between forsterite and silicate melt at 1400 °C 
The results of the forsterite/melt partitioning experiments are given in Table 
1.5.2 and plotted in Figure 1.5.3 as concentration of Zr or Hf in the forsterite against 
concentration in the coexisting melt. The solubility of Zr and Hf in forsterite increases 
as the amount of Zr or Hf in the melt increases (Figure 1.5.3), up to the point of 
saturation in either a Zr or Hf phase. The experiments showing ‘saturation’ in Figure 
1.5.3 were saturated with zircon and baddeleyite in the case of Zr, and hafnon where 
Hf was added. Although the solubility increases, the partitioning between melt and 
coexisting olivine does not change as a function of Zr or Hf concentration in the melt 
(Figure 1.5.4). 
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Figure	  1.5.3:	  a)	  Zr	  and	  Hf	  concentrations	  in	  CMAS	  glasses	  and	  coexisting	  forsterite	  crystals.	  Black	  
symbols	  are	  Hf,	  and	  white	  are	  Zr.	  Squares	  represent	  unsaturated	  conditions,	  where	  no	  zirconium	  or	  
hafnium	  phase	  has	  formed	  on	  the	  liquidus.	  Circles	  are	  saturated	  conditions,	  where	  no	  more	  Zr	  or	  Hf	  
can	  dissolve	  in	  the	  melt	  and	  explicit	  zirconium	  or	  hafnium	  phases	  form	  (zircon-­‐baddeleyite	  or	  hafnon).	  
Also	  shown	  is	  the	  range	  of	  interface	  concentrations	  from	  diffusion	  experiments	  where	  either	  zircon	  
(light	  grey)	  or	  hafnon	  (dark	  grey)	  is	  present	  in	  the	  buffer	  assemblage.	  (b)	  BSE	  image	  of	  glass	  +	  
forsterite	  +	  zircon	  +	  baddeleyite;	  the	  saturating	  phase	  assemblage	  in	  the	  Zr-­‐bearing	  experiments.	  
	  
 
 
Figure	  1.5.4:	  Forsterite-­‐melt	  partition	  coefficients	  at	  1400	  °C	  of	  Zr	  (white)	  and	  Hf	  (black)	  from	  this	  
study	  (squares),	  Tuff	  and	  O'Neill	  (2010)	  (circles)	  and	  Evans	  et	  al.	  (2008)	  (hexagons)	  and	  at	  1525	  °C	  
from	  Kennedy	  et	  al.	  (1993)	  (triangles).	  Error	  bars	  from	  the	  data	  of	  this	  study	  and	  (Kennedy	  et	  al.	  
(1993)	  are	  1	  standard	  deviation	  from	  the	  mean;	  error	  bars	  from	  Evans,	  et	  al.	  (2008)	  and	  Tuff	  and	  
O'Neill	  (2010)	  represent	  the	  range	  of	  values	  obtained	  as	  data	  are	  not	  normally	  distributed	  and	  a	  range	  
of	  melt	  compositions	  was	  used.	  
	  
The starting compositions with the highest concentrations of ZrO2 and HfO2 
crystallized abundant Zr and Hf phases, in addition to olivine. The small olivines in 
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these two experiments had apparently nucleated around small Zr or Hf phases, and it 
proved impossible to avoid these during microanalysis. Data for these experiments are 
not reported. The samples with the next highest ZrO2 and HfO2 in the starting 
compositions were also saturated, with zircon + baddeleyite and hafnon, respectively 
(no hafnia phase was found in the Hf-saturated sample), but the amounts of these 
phases were low, and inclusion-free forsterite could be analysed.  The remaining 
experiments contained olivine (close to pure forsterite) and silicate glass only. Taken 
together with the previous studies, these results establish that the partition coefficients 
of Zr and Hf are constant over nearly three order of magnitude in Zr and Hf 
concentrations, up to saturation of the silicate melt in zircon and hafnon, which occurs 
at 5.3 wt% and 6.6 wt% respectively, and 19 and 49 ppm Zr and Hf, respectively, in 
the forsterite. That simultaneous saturation with both zircon and baddeleyite was 
achieved in the Zr series was fortuitous but useful because it fully defines chemical 
activities. The constant partition coefficients also imply that the activities of the ZrO2 
and HfO2 components in the forsterite are proportional to their concentration (Henry’s 
law), up to the saturation limit. 
 
1.5.3.2 Diffusion of Zr and Hf in forsterite 
Over 50 conditions were investigated (varying orientation, source assemblage, olivine 
composition, temperature and oxygen fugacity), and each crystal was analysed at least 
five times for Zr and three to five times for Hf, giving >400 complete Hf or Zr 
diffusion profiles. Multiple transects across the same crystal are well reproduced 
(Figure 1.5.5d). In all cases, the measured concentration-distance profiles for Zr and 
Hf are well fitted by the one-dimensional diffusion, semi infinite medium, constant 
interface composition solution of Fick’s second law (Crank 1975). 
Examples of Zr and Hf diffusion profiles and their fits to this equation are shown in 
Figure 1.5.5a. Diffusion coefficients from each experiment (as logD) are given in 
Table 1.5.3. 
The Arrhenius relationship for diffusion of Zr in forsterite, as a function of 
temperature, buffered by fo-prEn-zrc, along [001] (the fastest diffusing conditions) is  
 
DZr(fo-prEn-zrc,[001])=7.22×10
-5exp -272.2±21.6kJmol
-1
RT
⎛
⎝⎜
⎞
⎠⎟
m2s-1 	   	   	   	  	  	  	  	  	  	  (	  1.5:1	  )	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As will be shown later, it is more instructive to fit all diffusion data together, rather 
than fitting each buffering condition and orientation separately. 
 
 
	  
Figure	  1.5.5:	  Typical	  diffusion	  profiles.	  (a)	  Zr	  diffusion	  in	  forsterite	  at	  1400	  °C,	  air,	  buffered	  by	  fo-­‐prEn-­‐
zrc.	  Dark,	  medium	  and	  light	  grey	  spots	  represent	  diffusion	  along	  [001],	  [010]	  and	  [100],	  respectively.	  
Red	  lines	  represent	  the	  solution	  to	  the	  diffusion	  equation	  fit	  to	  the	  data	  (b)	  Zr	  diffusion	  in	  San	  Carlos	  
olivine	  at	  1400	  °C,	  fO2	  buffered	  at	  QFM-­‐0.3,	  chemical	  activity	  buffered	  by	  orthopyroxene-­‐olivine-­‐
zircon.	  (c)	  Hf	  diffusion	  in	  forsterite	  at	  1400	  °C,	  air,	  along	  [001].	  Three	  curves	  represent	  the	  three	  
different	  chemical	  activity	  buffers;	  dark,	  medium	  and	  light	  grey	  represent	  fo-­‐prEn-­‐hnon,	  fo-­‐hnon-­‐hnia	  
and	  fo-­‐hnia-­‐per	  respectively.	  Significantly	  lower	  interface	  solubility	  in	  the	  fo-­‐hnia-­‐per	  buffered	  
experiment	  is	  shown	  in	  the	  inset.	  (d)	  reproducibility	  of	  laser	  transects	  from	  the	  same	  experiment	  as	  
(c),	  buffered	  by	  fo-­‐hnon-­‐hnia.	  
	  
 
	   92	  
1.5.3.2.1 Effect of orientation 
Diffusion is always anisotropic, with fastest diffusion along [001] (i.e. where 
(001) face is polished) and slowest along [100], with [010] intermediate (Figure 
1.5.5a, b, Figure 1.5.6a). Over the temperature range studied, diffusion along [001] is 
found to be consistently around one order of magnitude faster than along [100]. There 
is no change in interface solubility between experiments with different orientations 
conducted at the same source assemblage and temperature conditions (Figure 1.5.5a, 
b).  
 
1.5.3.2.2 Effect of source assemblage 
The source assemblages (hence the chemical potentials) control both diffusion 
and interface solubility, with the fastest diffusion and highest interface concentrations 
in fo-prEn-zrc and fo-zrc-tbdd buffered experiments (or Fe-bearing or Hf 
equivalents), and slower diffusion and lower solubility in fo-per-tbdd buffered runs 
(Figure 1.5.6b). The effect of chemical potential on diffusion in this case is weaker 
than the orientation effect, with only 0.5 log units faster diffusion where zircon is 
present compared to where zircon is absent. Experiments conducted in forsterite show 
20-40x greater Hf or Zr solubility (Figure 1.5.7a) where zircon or hafnon is present in 
the buffer assemblage (fo-prEn-zrc or fo-zrc-tbdd buffers) compared to where they 
are absent (fo-tbdd-per buffer), but the data regarding interface amounts at the lower 
concentrations of Zr is often poor quality with extremely large errors (1 standard 
deviation > concentration).  
 
1.5.3.2.3 Effect of fO2 
Zr and Hf diffusion in forsterite does not appear to vary significantly as a 
function of oxygen fugacity (Figure 1.5.6a-c), although interface concentrations do 
(Figure 1.5.7); in the low oxygen fugacity (ZODE3) experiment the interface 
concentrations from all three buffer assemblages converged to around 12 ppm. 
  
1.5.3.2.4 Zr vs Hf 
Zr diffuses slightly faster (0.2-0.5 log D units) than Hf in all runs (Figure 
1.5.6c) but comparing explicitly zirconium-buffered experiments with hafnium-
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buffered (ZODE2 with ZODE5 in Table 1.5.3), hafnium interface concentration (ppm 
by weight) is around double that of Zr (equivalent to approximately the same mole 
fraction given that Hf is ~double the mass of Zr). 
 
1.5.3.2.5 Effect of olivine composition 
Olivine composition has a negligible effect on diffusion; the diffusion 
coefficients from experiments in pure forsterite overlap with those from experiments 
in natural San Carlos olivine (fo90). The interface concentrations of Zr are the same 
between fo90 and fo100 where zircon is present in the buffer, but where zircon is absent 
the interface concentrations appear higher in fo90, but the large errors in Zr 
concentration from the 1400 °C, air, forsterite experiment (3.6 ppm±3.9) make direct 
comparison between the two compositions difficult. 
 
1.5.3.2.6 Experimental contamination 
The common contaminants in these experiments are Al and Fe; Al from the 
forsterite itself and Fe presumably from the furnace assembly and chemicals used to 
prepare starting mixes. Al shows diffusion-out profiles from around 25 ppm in crystal 
core to around 15 ppm at crystal rim (in the 1400 °C, air experiment) as Zr or Hf 
diffuse in (Figure 1.5.2). Fe contamination is considerable; up to 1 wt% in less 
fortuitous circumstances. There appears to be no correlation between the diffusion or 
interface concentrations of Fe and those of Zr or Hf; Fe diffuses faster and substitutes 
freely for Mg in olivine. The change in fo# does not appear to affect Zr or Hf 
diffusion; the comfortable fit of the profiles to the error function (therefore showing 
constant diffusion coefficients) show this. As the interface concentrations and valence 
of Fe are uncontrolled and unknown, respectively, the Fe diffusion profiles are not 
presented; deconvolution of the Fe valence effect and potential concentration 
dependence on diffusion is outside the scope of this study.   
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Figure	  1.5.6:	  Arrhenius	  plots.	  (a)	  Zr	  diffusion,	  buffered	  by	  fo-­‐prEn-­‐zrc,	  along	  the	  three	  axes	  measured.	  
Data	  from	  San	  Carlos	  olivine	  agrees	  well	  with	  data	  from	  forsterite,	  and	  runs	  at	  low	  fO2	  have	  
overlapping	  error	  with	  those	  conducted	  in	  air.	  Data	  from	  Spandler	  and	  O'Neill	  (2010)	  is	  also	  
presented.	  (b)	  Zr	  diffusion	  in	  forsterite	  as	  a	  function	  of	  different	  chemical	  activities.	  Diffusion	  is	  always	  
fastest	  in	  the	  fo-­‐prEn-­‐zrc	  and	  fo-­‐zrc-­‐tbdd	  buffered	  experiments,	  and	  slower	  in	  the	  fo-­‐tbdd-­‐per	  
buffered	  experiments.	  (c)	  diffusion	  of	  Hf	  in	  forsterite.	  Most	  of	  the	  data	  is	  from	  Hf	  as	  a	  trace	  
contaminant	  in	  fo-­‐prEn-­‐zrc	  buffered	  runs,	  and	  as	  such	  has	  considerable	  error	  associated	  (due	  to	  low	  
concentrations).	  The	  explicitly	  hafnium-­‐buffered	  experiment	  (star)	  has	  much	  lower	  error,	  and	  is	  in	  
agreement	  with	  Hf	  diffusion	  from	  Zr	  diffusion	  experiments.	  
	  
1.5.4 Discussion 
1.5.4.1 Equilibrium partitioning and solubility limits of Zr and Hf in forsterite 
The three phase assemblages in the diffusion experiments buffer the chemical 
potentials of all chemical components, hence equilibrium solubilities are rigorously 
defined. This would not be the case if the Zr or Hf source was an olivine with an 
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elevated Zr or Hf content, as in a classic diffusion couple experiment. The expectation 
for our diffusion experiments is that the measured concentrations of the diffusing 
species, Zr and Hf, at the diffusion interface should correspond to the equilibrium 
solubilities of the elements in forsterite imposed by the buffering assemblages. The 
interface concentrations are shown in Figure 1.5.7a as a function of both temperature 
and buffering assemblage and Figure 1.5.8 as a function of the activity of silica, 
aSiO2, calculated from a combination of data from Holland and Powell (2011) and 
O’Neill (2006). 
 
 
Figure	  1.5.7:	  (a):	  Interface	  concentrations	  of	  zirconium	  from	  the	  diffusion	  experiments.	  The	  interfaces	  
have	  around	  the	  same	  concentrations	  in	  the	  two	  zircon-­‐bearing	  buffer	  assemblages,	  and	  a	  much	  
lower	  concentration	  in	  the	  fo-­‐tbdd-­‐per	  (zircon	  absent)	  assemblage.	  The	  high	  aSiO2	  activity	  buffers	  
show	  excellent	  agreement	  between	  pure	  forsterite	  and	  natural	  olivine,	  with	  the	  low	  aSiO2	  interface	  
concentrations	  agreeing	  only	  due	  to	  considerable	  error	  on	  the	  1400	  °C,	  forsterite	  experiment.	  The	  
interface	  concentrations	  from	  the	  low	  oxygen	  fugacity	  runs	  in	  forsterite	  (circles)	  all	  converge	  upon	  
around	  11-­‐12	  ppm,	  regardless	  of	  buffer	  assemblage.	  The	  reason	  for	  the	  convergence	  is	  unknown.	  (b):	  
Predicted	  maximum	  solubility	  of	  Zr	  in	  forsterite	  extrapolated	  to	  low	  temperatures	  commonly	  used	  in	  
diffusion	  studies.	  Also	  shown	  are	  Zr	  contents	  of	  natural	  olivine	  from	  a	  garnet	  peridotite	  with	  zircon	  
present,	  showing	  a	  small	  disagreement	  with	  the	  prediction.	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Figure	  1.5.8:	  Maximum	  Zr	  and	  Hf	  solubility	  in	  olivine	  as	  a	  function	  of	  silica	  activity,	  aSiO2.	  Squares	  are	  
interface	  concentrations	  from	  diffusion	  experiments,	  and	  circles	  are	  concentrations	  from	  synthesis	  
experiments.	  The	  aSiO2	  of	  the	  Zr	  synthesis	  experiment	  was	  fully	  constrained	  as	  both	  zircon	  and	  
baddeleyite	  formed,	  whereas	  the	  activity	  in	  the	  Hf	  experiment	  is	  constrained	  between	  the	  low	  and	  
high	  aSiO2values	  where	  hafnon	  is	  present.	  
	  
The interface concentrations of Zr are the same within error whether buffered 
by the assemblages fo-prEn-zrc or fo-zrc-tbdd (i.e. zircon present), and at 1400 °C are 
identical to the zircon-baddeleyite-saturated olivine/melt partitioning experiments 
(Table 1.5.2), which implies that Zr substitutes into olivine as a component with the 
stoichiometry of zircon. From crystal-chemical considerations the most likely 
component is Zr[vac]SiO4, with charge-balance being maintained by an octahedral-
site cation vacancy (denoted [vac]). The same mechanism is assumed for Hf. 
This inference may be tested quantitatively by comparing the solubility of Zr 
(as Zr[vac]SiO4) in equilibrium with zircon with that defined by the fo-per-tbdd 
assemblage (Figure 1.5.7a). This technique was presented for the case of Be in 
Chapter 1.3; in this section only a brief outline is given – refer to the Be chapter for a 
more thorough description. 
In equilibrium with zircon (zrc) (fo-zrc-tbdd or fo-prEn-zrc assemblages, high 
aSiO2), the Zr substitution reaction is: 
 
ZrSiO4=Zr[vac]SiO4  
       zrc                      ol 
(	  1.5:2	  )	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In equilibrium with periclase plus baddeleyite (per,tbdd), the same substitution 
mechanism for Zr in forsterite is controlled by the reaction: 
 
ZrO2+MgSiO4=Zr[vac]SiO4+2MgO  
       ol                ol  
(	  1.5:3	  )	  
 
Combining the two reactions gives: 
 
Mg2SiO4+ZrO2=2MgO+ZrSiO4  
        ol                                                       zrc          
(	  1.5:4	  )	  
 
The Gibbs free energy of reaction ( 1.5:4 ) and its Hf equivalent are taken 
from Holland and Powell (2011) and O'Neill (2006), and are summarized in Table 
1.5.4. As shown in Chapter 1.3, the free energy of this reaction as a function of 
temperature gives the predicted ratio of interface Zr between periclase and 
protoenstatite-buffered conditions.  
The ratio calculated from these thermodynamic data for solubility in pure 
forsterite are compared to the observed ratios in Figure 1.5.9. The agreement between 
theoretical prediction and experimentally derived ratio is good where there is a tight 
constraint on the interface concentrations in the fo-tbdd-per buffered (zircon-absent) 
experiments. At lower temperatures, where the concentration of Zr approaches the 
resolution of the LA-ICP-MS system in scanning mode, the errors on the 
experimental ratios are extremely high, so that no reasonable conclusion can be 
drawn. These are not included in the figure. 
That the olivine/melt partition coefficient (notated KD to avoid confusion with 
the D representing diffusion) of Zr is independent of Zr concentration in olivine at 
1400 °C implies that aZrSiO4
ol  is proportional to Zr concentration in the olivine (Figure 
1.5.4). This implies that the charge-balancing vacancies do not contribute to the 
configurational entropy of mixing, hence their positions in the olivine crystal lattice 
are specified by the positions of the Zr4+ cations. In other words, there is a high 
degree of short-range order between Zr4+ and vacancies. If the vacancies were 
completely disordered over the olivine crystal lattice, aZrSiO4
ol  would be proportional to 
the square of the Zr concentration. Note especially that this is not the case for other 
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substitutions with charge-balance by vacancy presented in this thesis (later chapters), 
where this thermodynamic treatment is applied. 
 
 
Figure	  1.5.9:	  Interface	  concentration	  ratios	  from	  zircon	  or	  hafnon-­‐absent	  over	  zircon	  or	  hafnon-­‐
present	  experiments	  in	  pure	  forsterite	  as	  a	  function	  of	  temperature.	  The	  plotted	  data	  is	  only	  from	  
experiments	  where	  the	  standard	  deviation	  is	  <20%	  of	  the	  total	  values,	  and	  excludes	  the	  anomalous	  
data	  points	  from	  the	  low	  fO2	  experiment.	  In	  most	  experiments,	  the	  concentrations	  of	  Zr	  at	  the	  
interface	  were	  too	  low	  to	  give	  tight	  constraints	  on	  solubility	  in	  the	  zircon-­‐absent	  experiments.	  Also	  
shown	  are	  the	  theoretical	  curves	  showing	  the	  predicted	  interface	  concentration	  ratios	  for	  Hf	  and	  Zr.	  
	  
The good agreement with the Zr solubility determined from the diffusion 
experiments at 1400 °C (Table 1.5.3) with the olivine/melt partitioning experiments 
(Table 1.5.2) at the same temperature rules out a significant role for Zr substitution 
being charge-balanced by Al substitution for Si. Potentially, Al from the CMAS melt 
could allow coupled Al-Zr Tschermaks’-type substitution in the form (ZrMg3)Al2O8, 
and thus allow considerably greater Zr solubility. However, because the forsterite 
used for the diffusion experiments has around 20 ppm Al in crystal cores and the 
olivine in the partitioning experiments has ~290-370 ppm Al yet the Zr and Hf 
contents are the same, this charge balance mechanism is ruled out. 
Taken together, the good agreement between the theoretical curve and the data 
suggest that the solubilities from diffusion experiments are indeed the equilibrium 
partitioning values and the substitution mechanism is Zr[vac]SiO4. These assertions 
can only be made because the chemical potentials of the components in the diffusion 
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experiments were explicitly controlled; a diffusion couple technique where a Zr-
doped olivine was placed next to a Zr free olivine, for example, would lack such 
chemical potential control, and hence no external check on solubility would be 
possible.  
The free energies of formation of the Zr[vac]SiO4 and Hf[vac]SiO4 
components in forsterite can then be calculated from ( 1.5:5 ), which is derived from ( 
1.5:2 ) as a function of temperature (Table 1.5.4): 
 
ln(XZr[vac]SiO4ol )+ ln(γ Zr[vac]SiO4ol )=
-ΔGr(1.5:2)
RT  
(	  1.5:5	  )	  
 
 
For this, the concentrations measured in ppm were converted to mole fractions using: 
XZr[vac]SiO4
ol = Zr(ppm)[ ]×10
-6 × (40.32 × 2x+71.84 × (2-2x)+60.08)
91.22  
(	  1.5:6	  )	  
 
 
where x is the molar Mg/(Mg+Fe) of olivine. Using the fitted ΔGr values, the 
expected solubility of Zr (in mole fraction) in forsterite can be predicted at 
temperatures outside of the studied range by extrapolation, as in Figure 1.5.7b which 
also includes Zr concentration of olivine in a paragenesis of garnet peridotite plus 
zircon equilibrated at ~830 °C (Hermann et al., 2006, unpub. data). The maximum 
solubility of Zr in forsterite decreases greatly with decreasing temperature; for 
example, at 900 °C, we calculate that the solubility of Zr in olivine in equilibrium 
with ZrSiO4 would only be 16 ppb, although comparing values from the extrapolation 
into low temperatures with those of Hermann (2006) suggests that the actual 
solubility might be slightly higher in a complex natural system.  
 
1.5.4.2 Effect of chemical potential (silica activity) on Zr diffusion 
Zr diffusion depends not only on temperature according to the Arrhenius 
relation (Figure 1.5.6a-c), but also crystal orientation (Figure 1.5.6a) and silica 
activity (aSiO2) (Figure 1.5.6b). Insufficient quality data is available to present a 
similar treatment of Hf diffusion. Silica activity is quoted instead of magnesia or 
zirconia activity, because it will not change considerably between forsterite and San 
Carlos olivine experiments as aMgO would, and it will change only slightly between 
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zircon and hafnon bearing experiments.  The faster diffusion in the high aSiO2 
experiments implies that diffusion takes place via octahedral site cation (Mg2+) 
vacancies. For this reason, and following Zhukova et al. (2014) we assume that the 
effect of aSiO2 is on the diffusion jump frequency represented by the pre-exponential 
factor in the diffusion relation (Do), rather than the activation energy, Ea. The 
generalized relation for the diffusion coefficient as a function of T along each 
crystallographic axis is: 
 
logD=n logaSiO2 +logD0-
Ea
2.30RT  
(	  1.5:7	  )	  
 
 
where 2.30 is ln(10). To this relation we fitted the measured diffusion coefficients for 
the experiments in forsterite in air from 1200 to 1500 °C (four temperatures at 100 °C 
intervals), buffered by the three three-phase assemblages, and along the three 
crystallographic axes. This gives a total of 4 x 3 x 3 = 36 samples, less 3 samples at 
1200 °C buffered by fo-tbdd-per, for which the diffusion profiles were of too poor a 
quality to be quantified. The remaining 33 data were fitted by weighted least squares, 
with log D weighted using either the observed uncertainties in Table 3 or ± 0.1, 
whichever is the larger. This weighting avoids biasing the fit to values with 
improbably small uncertainties. The initial results gave a very good fit to the data, 
with a reduced chi-squared ( χ v
2 ) of 1.0, assuming a simplified model with the same 
values of n and Ea in all three crystallographic orientations. The value of n was 0.24 ± 
0.05. Since the value of n should reflect the stoichiometry of the point-defect 
equilibrium that produces Mg vacancies, it should be a rational number; accordingly, 
it was fixed at 1/4, and the regression repeated. The results of the fitting with n = 1/4 
gave Ea = -368 ± 17 kJ mol-1, and log Do(a) = -3.82 ± 0.53, log Do(b) = -3.36 ± 0.53 
and log Do (c) = -3.07 ± 0.53. The dependence on aSiO2 is weak (D ∝  aSiO21/4), and 
contrasts to its effect on the diffusion of the 2+ cations Ni2+ and Co2+, for which D ∝  
aSiO22/3 (Zhukova et al., 2014). We have no explanation for this discrepancy, which 
might be illuminated by studying diffusion of other trace elements in forsterite in a 
similar manner. It may be possible to explain the discrepancy using point defect 
equilibria and reactions, but we purposefully omit this from our discussion as the 
potentials for charge balance of point defects in a system with an aliovalent cation 
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added are significant. It is therefore always possible to derive a point defect reaction 
that gives the observed exponent, but it is of limited use when isolated to a single 
system. 
 
1.5.4.3 Relative rates of Zr and Hf diffusion 
Diffusion of Hf was studied either by analyzing Hf impurities in the Zr 
experiments or on its own, buffered by the three three-phase assemblages fo-prEn-
hnon, fo-hnon-hnia and fo-hnia-per (experiment ZODE5). The results for Hf in the Zr 
diffusion experiments may be compared to Zr diffusion using the smoothing provided 
by the fitting of the Zr data. Observed values of log DHf are compared to fitted values 
of log DZr in Figure 1.5.6c. The average ratio DHf/DZr for diffusion along [001] is 
around 0.6, i.e. Zr is slightly faster than Hf, although the diffusion coefficients show 
overlapping errors.  
The ionic radii are so similar in octahedral coordination (0.72 Å for Zr4+ and 
0.71 Å for Hf4+) that it would be surprising if this factor had much effect, given that 
the large range in ionic radii of the Rare Earth Elements does not produce much 
difference in diffusion rates (Spandler and O'Neill 2010). The difference in diffusivity 
might then be explained by atomic mass difference; Hf is approximately double the 
mass of Zr (178.49 c.f. 91.22 g mol-1). The uncertainty in relative rates is almost 
entirely due to the large scatter on the Hf diffusion coefficients resulting from the 
very low Hf concentrations where Hf was measured only as a contaminant in Zr 
diffusion experiments. Where Hf was measured independently (experiment ZODE5) 
the errors are considerably smaller; it would therefore be very feasible to determine 
Hf diffusion explicitly at the other temperatures studied for Zr to better evaluate the 
mass dependence of diffusion rate in this system (e.g. Vineyard, 1957).  
 
1.5.4.4 Solubility and diffusion of Zr in San Carlos olivine and the effect of Fe 
contamination 
The solubility of Zr in natural Fe-bearing olivines might in principle differ 
from that in pure forsterite due to two effects. Firstly, even if the substitution 
mechanism remains the same, the activity coefficient  may change with 
Fe2+/(Mg+Fe2+) ratio, as indeed the activity coefficients for a variety of divalent 
γZr
ol
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cations do, substituting homovalently in olivine (Tuff and O'Neill 2010). The 
underlying reasons include the larger sizes of the octahedral sites in Fe2SiO4 
compared to Mg2SiO4, and changes in ability of the octahedral sites to relax to 
accommodate cations of different sizes (e.g. Blundy and Wood 1994)). The 
expectation is that Zr concentration should increase with increasing Fe2+/(Mg+Fe2+) 
because Fe2+ is larger than Mg2+ and the Fe2SiO4 structure (fayalite component) is 
less rigid than Mg2SiO4. Secondly, the substitution mechanism may change because 
the presence of Fe3+-related defects or perhaps other impurities (predominantly Al3+) 
in the natural olivines provide alternative possibilities for charge-balancing, although 
the comparison between the interface concentrations in the diffusion experiments with 
the zircon-saturated olivine/melt partitioning experiment shows that Al has no effect. 
In fact, the experimentally observed solubilities of Zr in the San Carlos olivine in 
equilibrium with the equivalent buffering assemblages only slightly greater than those 
in pure forsterite (Table 3), suggesting that the substitution mechanism remains the 
same. 
The presence of Fe3+-related octahedral site vacancies (i.e. Fe3+4/3[vac]2/3SiO4) 
might be anticipated to have substantial effects on diffusion rates by providing vacant 
pathways for the aliovalent cations to move through. However, the DZr values 
measured in the San Carlos olivine overlap within uncertainty with those from pure 
forsterite; they appear to only be slightly faster.  Therefore, we suggest that the 
trivalent iron-associated octahedral site vacancies in San Carlos olivine are not 
utilized by the diffusing Zr or Hf, both of which require a vacancy for charge balance. 
Rather, the charge balancing vacancies in the Zr[vac]SiO4 complex move with the 
diffusing Zr, a notion supported by thermodynamic calculations presented above that 
suggest a high degree of short range order between the Zr and vacancy. In addition, it 
is expected that a diffusing aliovalent cation with a strong binding energy to its 
associated vacancy should yield an error-function shaped profile (Crispin and Van 
Orman 2010) as demonstrated by both Zr and Hf. This suggests that these cations are 
exploiting their own vacancies rather than the overall vacancy population of the 
crystal. 
This is further supported by the lack of correlation between Fe contaminant 
diffusion and Zr diffusion (e.g. Figure 1.5.2); if the Fe3+ associated vacancies (in air, 
at 1200-1500°C a considerable amount of the contaminant Fe will be trivalent) were 
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being exploited by diffusing Zr, we would expect to see coupled diffusion; the 
profiles should be the same length and shape. This is not observed.  
The contaminating amounts of Fe at the crystal interface were often high (102-
104 ppm) when experiments were conducted at high fO2 (air). The experiment at 10-
11.2 bars (ZODE3) had much lower levels of Fe contamination (10s ppm) than the air 
equivalent at 1400°C (ZODE2), and its contaminating Fe would be all Fe2+, whereas 
in air it would be a mixture of Fe3+ and Fe2+ (Mallmann and O'Neill 2009). Taken 
together with the results on San Carlos olivine, there appears to be no correlation 
between Zr diffusivity and the contaminating Fe in our forsterite experiments. The 
diffusion of Fe in these experiments, while not appearing to affect that of Zr, is a non-
trivial problem and will be treated separately. 
 
1.5.4.5 The effect of oxygen fugacity on diffusion and partitioning 
In order to check the effect of oxygen fugacity (fO2), a diffusion experiment 
was conducted at reducing conditions at 1400 °C using a 95% CO: 5% CO2 mix to 
produce an fO2 of 10-11.2 bars, corresponding to 4.9 log units below the quartz-
fayalite-magnetite oxygen buffer, ∆QFM = -4.9 (O'Neill 1987). Given that all ions in 
the system (Si4+, Mg2+, O2-, Zr4+) are homovalent in the region of interest, the 
solubilities should be independent of fO2, and diffusion rates should only change with 
those point-defect equilibria in Mg2SiO4 that depend on fO2 such as oxygen anion 
vacancies charge-balanced by electrons in the conduction band, or Mg and Si 
interstitials (Smyth and Stocker 1975; Stocker 1978).  
The results show no resolvable effect on diffusion but a peculiar effect on 
interface concentration. The interface concentration buffered by the two zircon-
bearing assemblages have a small but resolvably lower concentration of Zr, with a 
weighted average of 12.5±0.6 ppm, versus 18.9±1.5 ppm for the equivalent two 
samples in air. The latter solubilities are in good agreement with solubilities at higher 
and lower temperatures in air (Figure 1.5.7a). Secondly, the interface concentration in 
the sample buffered by fo-tbdd-per has the same concentration as the two zircon-
buffered assemblages, not the factor of five lower concentrated observed in the 
experiments in air, which is as expected from thermodynamic calculation. One 
explanation is that SiO2 becomes slightly volatile under the conditions of the 
experiment. Mobility of SiO2 might have contaminated the low- aSiO2 samples with 
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enough SiO2 to change the buffering assemblage. Unfortunately the buffering 
assemblages were not recovered from the samples of this run, so this explanation 
cannot be checked. It also does not address the slightly lower concentrations in the 
two ZrSiO4-buffered assemblages. These results are the subject of further 
investigation. 
 
1.5.4.6 Comparison of diffusion coefficients with previous studies 
Only one published study of Zr and Hf diffusion in olivine currently exists, 
that of Spandler and O'Neill (2010). They filled an olivine ‘crucible’ with a synthetic 
basaltic melt doped with a variety of trace elements, heated to 1300 °C and monitored 
diffusion from the melt into the crystal. Despite the differences in experimental 
procedure, the diffusion coefficients for both Hf and Zr from Spandler and O’Neill 
(2010) are in good agreement with those found in this study (Figure 1.5.6).  
The unpublished study of Remmert et al. (2008) where Hf diffusion was 
measured in olivine with RBS was not discussed in the published paper associated 
with this chapter (Jollands et al, 2014). The Remmert et al. (2008) study has been well 
cited, despite never being published. They used pulsed laser deposition (PLD; 
Dohmen et al, 2002a) to deposit thin films of Ce, Nd, Sm, Eu, Lu, Sr and Hf - doped 
olivine compositions onto the surface of well-polished natural olivine, annealed at 
1275°C and measured the resultant profiles using Rutherford Backscattering 
Spectroscopy (RBS). Their Hf diffusion coefficient at 1275 °C was -20.2 m2s-1, 5-6 
orders of magnitude slower than ours. Ignoring the fact that in such an experiment 
there is no explicit control of aSiO2 (it is likely these experiments were prEn-buffered 
unintentionally through the PLD process (Ralf Dohmen, pers. comm.)), the use of 
RBS to measure trace element diffusion is highly problematic. The detection limits of 
RBS for Hf are around 80 ppm, assuming perfect conditions and long counting times 
(see Appendix), so in reasonable timeframes, would be closer to several hundred ppm. 
This means that to quantify diffusion, the interface should have at least 3-5 times 
higher Hf than the detection limits, i.e. the interface should have several hundred ppm 
Hf. At 1275 °C, assuming that the maximum concentration of Hf is around double 
that of Zr, no more than 10-15 ppm Hf could substitute into the olivine lattice, far 
below the detection limits of RBS. Therefore, it is impossible that the profiles 
measured by Remmert et al. (2008) were diffusion profiles within the olivine crystal. 
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Potential arguments that they were measuring a slower, higher concentration pathway 
of Hf diffusion (i.e. on the tetrahedral site) as will be presented later for Ti4+ diffusion 
are not valid in this case – a higher concentration substitution mechanism on the T-
site would have shown up in our partitioning experiments. In addition, the likelihood 
of Hf4+ replacing Si4+ on the T site is low, given the ionic radius difference (0.58 Å 
for Hf4+ and 0.26 Å for Si4+ in IV coordination). 
Figure 1.5.10 shows the temperature of Zr diffusion buffered by the highest 
aSiO2 assemblage (fo-prEn-zrc) along the three principal crystallographic axes along 
with some literature data representing H, Fe-Mg, and Si diffusion in olivine, along 
with Be2+ and Mg2+ from previous chapters. It is well established that of the major 
elements in olivine, Fe-Mg diffuse fastest and Si significantly slower, although there 
is still quite considerable variation of measured rates between different studies. Zr and 
Hf are found to diffuse at around the same rate as the divalent cations, a finding that is 
unsurprising when the octahedral site substitution mechanism of Zr and Hf are 
considered. The activation energy of ~370 kJmol-1 is similar to the activation energy 
for 26Mg diffusion in periclase-buffered conditions (~380 kJmol-1) according to 
Chapter 1.2. Compared to fo-prEn buffered 26Mg diffusion, Zr diffusion is the same 
rate at 1500 °C, but around one order of magnitude faster at 1200 °C.  
 
 
Figure	  1.5.10:	  Some	  data	  from	  this	  study	  (fo-­‐prEn-­‐zrc	  buffer,	  all	  three	  axes)	  compared	  with	  a	  variety	  
of	  trace	  and	  major	  element	  diffusion	  in	  olivine.	  (data	  for	  other	  elements	  refer	  to	  [001]	  only).	  
References:;	  (J15a):	  H+	  in	  Ti	  doped	  forsterite	  (Jollands	  et	  al,	  submitted	  2015	  (presented	  in	  Chapter	  
2.2));	  (D03):	  H+	  in	  pure	  forsterite	  (Demouchy	  and	  Mackwell,	  2003);	  (J15c):	  Be	  diffusion	  in	  forsterite,	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Chapter	  1.3	  ;(D07):	  Fe-­‐Mg	  interdiffusion	  at	  logfO2	  =	  -­‐7	  (Dohmen	  et	  al.,	  2007);	  (C94):	  
26Mg	  tracer	  
diffusion	  in	  pure	  forsterite	  (Chakraborty	  et	  al.,	  1994);	  (J15b):	  26Mg	  tracer	  diffusion	  in	  pure	  forsterite	  –	  
previous	  chapter;	  (DO2):	  29Si	  tracer	  diffusion	  in	  natural	  olivine	  (Dohmen	  et	  al.,	  2002b).	  
	  
1.5.5 Summary 
• Partitioning experiments coupled with trace element diffusion experiments 
provide an independent constraint on the maximum possible interface 
concentration of the diffusant.  
• Zr and Hf diffusion are slightly faster than 26Mg tracer diffusion. The cations 
both diffuse on the octahedral site charge-balanced by an M-site vacancy. Hf 
diffusion is slightly slower than Zr diffusion, likely due to the difference in 
atomic mass. 
• Previous determinations of Hf diffusion are unlikely to be correct – the 
concentrations were too high for the analytical method used. 
• Error function shaped profiles are possible when the diffusing cation is 
charge-balanced by vacancy, if the cation and vacancy are strongly bound – 
diffusion is still concentration-independent. 
• That Zr4+ and Hf4+ diffuse slightly faster than Mg2+ suggests that ionic charge 
has no systematic effect on diffusion rate. 
 
 
Tables	  	  
	  
Expt	  ID	  
T	  
(°C)	  
	  
logfO2	  
logfO2	  
ΔQFM	  
	  
Furnace	  type	  
	  
t	  (d)	  
	  
t	  (s)	  
	  
Target	  
	  
Diffusant	  	  
ZODE1	   1313	   -­‐0.68	   +6.48	   Box	   31	   2678400	   Fo100	   Zr	  (Hf)	  
ZODE2	   1400	   -­‐0.68	   +5.63	   Gas-­‐mix	   22	   1870320	   Fo100	   Zr	  (Hf)	  
ZODE3	   1400	   -­‐11.1	   -­‐4.79	   Gas-­‐mix	   22	   1876740	   Fo100	   Zr	  (Hf)	  
ZODE4	   1503	   -­‐0.68	   +4.70	   Gas-­‐mix	   3	   230340	   Fo100	   Zr	  (Hf)	  
ZODE5	   1400	   -­‐0.68	   +5.63	   Gas-­‐mix	   21	   1785600	   Fo100	   Hf	  
ZODE6	   1205	   -­‐0.68	   +7.67	   Elevator	   91	   7945200	   Fo100	   Zr	  
ZODE7	   1397	   -­‐6.60	   -­‐0.27	   Gas-­‐mix	   11	   950400	   fo90	   Zr	  
	  
Table	  1.5.1:	  Time,	  temperature	  and	  oxygen	  fugacity	  conditions	  of	  each	  experiment	  conducted	  in	  this	  
study,	  along	  with	  the	  furnace	  types,	  olivine	  compositions	  and	  diffusants.	  Oxygen	  fugacity	  of	  10-­‐0.68	  
bars	  corresponds	  to	  air.	  The	  value	  of	  the	  quartz-­‐fayalite-­‐magnetite	  equilibrium	  is	  from	  O'Neill	  (1987).	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a)	  Zr	  olivine-­‐melt	  partitioning	  experiments	  
	  
	   CMASZr1	   CMASZr2	   CMASZr3	  
Mix	  	   Glass	   Crystal	   Mix	  	   Glass	   Crystal	   Mix	  	   Glass	   Crystal	  
SiO2	  
	  
48.36	  
	  
55.41	  
(0.43)	  
	  
	  
47.48	  
	  
54.13	  
(0.43)	   	  
46.17	  
	  
52.41	  
(0.86)	   	  
Al2O3	  
	  
6.67	  
	  
15.34	  
(0.11)	   602	  (79)*	  
6.55	  
	  
14.27	  
(0.08)	   581	  (49)*	  
6.36	  
	  
14.04	  
(0.08)	   640	  (52)*	  
CaO	  
	  
3.18	  
	  
6.77	  
(0.11)	   858	  (379)*	  
3.13	  
	  
6.32	  
(0.01)	   771	  (355)*	  
3.04	  
	  
6.21	  
(0.04)	   795	  (341)*	  
MgO	  
	  
41.29	  
	  
22.06	  
(0.07)	   	  
40.55	  
	  
21.89	  
(0.08)	   	  
39.42	  
	  
22.06	  
(0.12)	   	  
ZrO2	  
	  
0.50	  
	  
1.11	  
(0.05)*	   5.8	  (1.9)*	  
2.30	  
	  
3.66	  
(0.19)*	   17.4	  (3.4)*	  
5.00	  
	  
5.04	  
(0.27)*	   25.8	  (3.9)*	  
(Zr)	  
	   	  
0.82	  
(0.04)*	   4.3	  (1.4)*	   	  
2.71	  
(0.14)*	   12.9	  (2.5)*	   	  
3.73	  
(0.20)*	   19.1	  (2.9)*	  
FeO	  
	   	  
0.19	  
(0.03)*	   511	  (82)*	   	  
0.19	  
(0.03)*	   499	  (81)*	   	  
0.13	  
(0.01)*	   322	  (63)*	  
Total	   100.0	   100.7	   	   	   100.3	   	   100.0	   99.8	   	  
	  
	  
b)	  Hf	  olivine-­‐melt	  partitioning	  experiments	  
	   	  
	  
CMASHf1	   CMASHf2	   CMASHf3	  
Mix	   Glass	   Crystal	   Mix	   Glass	   Crystal	   Mix	   Glass	   Crystal	  
SiO2	  
	  
48.38	  
	  
55.19	  
(0.21)	   	  
47.56	  
	  
52.84	  
(0.64)	   	  
45.71	  
	  
51.13	  
(0.21)	   	  
Al2O3	  
	  
6.67	  
	  
15.17	  
(0.06)	   649	  (102)*	  
6.56	  
	  
14.28	  
(0.11)	   585	  (52)*	  
6.30	  
	  
14.1	  
(0.17)	   635	  (49)*	  
CaO	  
	  
3.19	  
	  
6.69	  
(0.06)	   1185	  (477)*	  
3.13	  
	  
6.21	  
(0.04)	  
1202	  
(528)*	  
3.01	  
	  
6.27	  
(0.03)	   1247	  (569)*	  
MgO	  
	  
41.31	  
	  
21.89	  
(0.17)	   	  
40.61	  
	  
22.22	  
(0.05)	   	  
39.03	  
	  
21.72	  
(0.03)	   	  
HfO2	  
	  
0.45	  
	  
1.01	  
(0.06)*	   9.1	  (1.3)*	  
2.15	  
	  
3.53	  
(0.22)*	   29.6	  (4.0)*	  
5.95	  
	  
6.63	  
(0.39)*	   57	  (11)*	  
(Hf)	  
	   	  
0.86	  
(0.05)*	   7.7	  (1.1)*	   	  
2.99	  
(0.19)*	   25.1	  (3.4)*	   	  
5.62	  
(0.33)*	   48.6	  (9.6)*	  
FeO	  
	   	  
0.17	  
(0.03)*	   462	  (75)*	   	  
0.13	  
(0.01)*	   365	  (72)*	   	  
0.17	  
(0.03)*	   476	  (74.6)*	  
Total	   100.0	   100.0	   	   100.0	   99.1	   	   100.0	   99.8	   	  
 
Table	  1.5.2:	  Starting	  mix,	  glass	  and	  crystal	  compositions	  from	  six	  crystal-­‐melt	  partitioning	  
experiments.	  Numbers	  in	  brackets	  are	  1	  standard	  deviation.	  i.s.	  represents	  calculated	  internal	  
standard,	  *	  represents	  data	  from	  LA-­‐ICP-­‐MS	  (all	  other	  data	  from	  EPMA),	  italic	  values	  are	  quoted	  in	  
ppm	  (all	  others	  in	  wt%).	  Only	  trace	  element	  values	  for	  the	  crystals	  are	  presented	  (no	  MgO	  or	  SiO2)	  
hence	  no	  totals	  are	  presented.	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a)	  Zr	  diffusion	  coefficients	  and	  interface	  concentrations	  
	  
T	  (°C)	  
	  
ID	  
	  
log	  fO2	  
	  
Olivine	  
	  
Buffer	  
log	  DZr	  /	  mean	  (st.dev(max),n)	   	  
[001]	   [001]	   [001]	   Zr	  (ppm,	  st.dev)	  
	  
1205	  
	  
ZODE6	  
	  
-­‐0.68	  
	  
Forsterite	  
fo-­‐prEn-­‐Zrc	   -­‐16.2	  (0.5,5)	   -­‐16.3	  (0.6,	  5)	   -­‐17.0	  (0.6,6)	   1.6	  (0.3)	  
fo-­‐zrc-­‐tbdd	  
fo-­‐tbdd-­‐per	  
-­‐15.9	  (0.8,6)	  
b.d.l.	  
-­‐16.3	  (0.4,	  6)	  
-­‐-­‐	  
-­‐16.7	  (0.7,5)	  
-­‐-­‐	  
1.5	  (0.3)	  
b.d.l.	  
	  
1313	  
	  
ZODE1	  
	  
-­‐0.68	  
	  
Forsterite	  
fo-­‐prEn-­‐Zrc	   -­‐15.2	  (0.2,	  4)	   -­‐15.5	  (0.3,	  4)	   -­‐16.0	  (0.1,	  5)	   6.2	  (0.9)	  
fo-­‐zrc-­‐tbdd	   -­‐15.3	  (0.1,	  5)	   -­‐15.5	  (0.1,	  4)	   -­‐16.0	  (0.2,	  5)	   6.1	  (0.8)	  
fo-­‐tbdd-­‐per	   -­‐15.8	  (0.4,	  5)	   -­‐16.2	  (0.7,	  2)	   -­‐17.0	  (0.3,	  5)	   0.3	  (0.2)	  
	  
1400	  
	  
ZODE2	  
	  
-­‐0.68	  
	  
Forsterite	  
fo-­‐prEn-­‐Zrc	   -­‐14.5	  (0.1,	  5)	   -­‐14.8	  (0.2,	  4)	   -­‐15.3	  (0.1,	  5)	   20.7	  (2.7)	  
fo-­‐zrc-­‐tbdd	   -­‐14.5	  (0.1,	  5)	   -­‐14.8	  (0.1,	  5)	   -­‐15.3	  (0.1,	  5)	   18.1	  (1.8)	  
fo-­‐tbdd-­‐per	   -­‐14.7	  (0.5,	  5)	   -­‐14.9	  (1.3	  4)	   -­‐15.1	  (0.4,	  6)	   3.6	  (3.9)	  
	  
1400	  
	  
ZODE3	  
	  
-­‐11.1	  
	  
Forsterite	  
fo-­‐prEn-­‐Zrc	   -­‐14.6	  (0.1,	  5)	   -­‐14.8	  (0.1	  5)	   -­‐15.3	  (0.1,	  5)	   12.8	  (0.7)	  
fo-­‐zrc-­‐tbdd	   -­‐14.7	  (0.1,	  5)	   -­‐14.8	  (0.1,	  5)	   -­‐15.6	  (0.1,	  5)	   12.1	  (1.0)	  
fo-­‐tbdd-­‐per	   -­‐14.8	  (0.1,5)	   -­‐15.3	  (0.1,	  5)	   -­‐15.3	  (0.1,	  5)	   11.8	  (1.2)	  
	  
1397	  
	  
ZODE7	  
	  
-­‐6.60	  
	  
San	  Carlos	  
ol-­‐opx-­‐zrc	   -­‐14.4	  (0.1,	  5)	   -­‐14.8	  (0.1,	  5)	   -­‐15.2	  (0.1,	  5)	   22.3	  (1.6)	  
ol-­‐zrc-­‐tbdd	   -­‐-­‐	   -­‐-­‐	   -­‐15.2	  (0.1,	  5)	   20.4	  (0.6)	  
ol-­‐tbdd-­‐mw	   -­‐-­‐	   -­‐-­‐	   -­‐15.0	  (0.2,	  5)	   3.7	  (0.7)	  
	  
1503	  
	  
ZODE4	  
	  
-­‐0.68	  
	  
Forsterite	  
fo-­‐prEn-­‐Zrc	   -­‐14.1	  (0.03,	  5)	   -­‐14.3	  (0.1,	  5)	   -­‐14.7	  (0.1,	  3)	   35.3	  (2.9)	  
fo-­‐zrc-­‐tbdd	   -­‐14.0	  (0.04,	  5)	   -­‐14.3	  (0.1,	  5)	   -­‐14.8	  (0.1,	  5)	   38.5	  (3.6)	  
fo-­‐tbdd-­‐per	   -­‐14.3	  (0.05,	  4)	   -­‐-­‐	   -­‐15.1	  (0.8,	  1)	   1.1	  (0.2)	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b)	  Hf	  diffusion	  coefficients	  and	  interface	  concentrations	  
	  
T	  (°C)	  
	  
ID	  
	  
log	  fO2	  
	  
Olivine	  
	  
Buffer	  
log	  DHf	  /	  mean	  (st.dev(upper),n)	   	  
Hf	  interface	  	  (ppm	  (st.dev))	  [001]	   [010]	   [100]	  
	  
1313	  
	  
ZODE1	  
	  
-­‐0.68	  
	  
Forsterite	  
fo-­‐prEn-­‐Zrc	   -­‐15.4	  (0.3,	  4)	   -­‐15.7	  (0.4,	  3)	   -­‐16.5	  (0.6,3)	   0.2	  (0.1)	  
fo-­‐zrc-­‐tbdd	   -­‐15.5	  (0.3,	  3)	   -­‐15.9	  (0.3,	  3)	   -­‐16.5	  (0.4,	  3)	   0.2	  (0.1)	  
fo-­‐tbdd-­‐per	   b.d.l.	   b.d.l.	   b.d.l.	   N.D.	  
	  
1400	  
	  
ZODE2	  
	  
-­‐0.68	  
	  
Forsterite	  
fo-­‐prEn-­‐Zrc	   -­‐14.6	  (0.2,	  3)	   -­‐15.2	  (0.2,	  3)	   -­‐15.4	  (0.3,	  3)	   1.0	  (0.1)	  
fo-­‐zrc-­‐tbdd	   -­‐14.6	  (0.3,	  3)	   -­‐15.1	  (0.2,	  3)	   -­‐15.0	  (0.4,	  3)	   1.3	  (0.7)	  
fo-­‐tbdd-­‐per	   -­‐15.0	  (0.5,	  3)	   -­‐15.1	  (0.5,	  3)	   -­‐15.0	  (0.5,	  3)	   1.5	  (1.3)	  
	  
1400	  
	  
ZODE3	  
	  
-­‐11.1	  
	  
Forsterite	  
fo-­‐prEn-­‐Zrc	   -­‐14.8	  (0.3,	  3)	   -­‐15.3	  (0.3,	  3)	   -­‐15.8	  (0.3,	  3)	   0.4	  (0.04)	  
fo-­‐zrc-­‐tbdd	   -­‐14.8	  (0.3,	  3)	   -­‐15.2	  (0.2,	  3)	   -­‐15.8	  (0.3,	  3)	   0.4	  (0.1)	  
fo-­‐tbdd-­‐per	   -­‐15.0	  (0.2,	  3)	   -­‐15.6	  (0.2,	  3)	   -­‐16.1	  (0.2,	  3)	   0.6	  (0.1)	  
	  
1400	  
	  
ZODE5	  
	  
-­‐0.68	  
	  
Forsterite	  
fo-­‐prEn-­‐hnon	   -­‐14.7	  (0.1,	  5)	   	   	   40.9	  (1.3)	  
fo-­‐hnon-­‐hnia	   -­‐14.2	  (0.1,	  5)	   	   	   42.3	  (2.4)	  
fo-­‐hnia-­‐per	   -­‐14.9	  (0.2,	  5)	   	   	   1.1	  (0.03)	  
	  
1503	  
	  
ZODE4	  
	  
-­‐0.68	  
	  
Forsterite	  
fo-­‐prEn-­‐Zrc	   -­‐14.2	  (0.4,	  3)	   -­‐14.7	  (0.3,	  6)	   -­‐15.2	  (0.3,	  3)	   1.2	  (0.3)	  
fo-­‐zrc-­‐tbdd	   -­‐14.1	  (0.3,	  3)	   -­‐14.6	  (0.2,	  3)	   -­‐15.1	  (0.3,	  3)	   1.2	  (0.4)	  
fo-­‐tbdd-­‐per	   -­‐14.7	  (0.5,	  2)	   -­‐14.6	  (1.1,	  3)	   	   0.4	  (0.1)	  
Table	  1.5.3:	  Diffusion	  coefficients	  of	  Zr,	  Hf	  in	  this	  study.	  Refer	  to	  Table	  1.5.1	  for	  full	  experimental	  conditions.	  Maximum	  standard	  deviations	  of	  diffusion	  coefficients	  around	  
the	  log	  mean	  are	  given,	  where	  possible.	  Also	  provided	  are	  interface	  concentrations	  of	  diffusants.	  The	  profiles	  are	  all	  fit	  to	  the	  one	  dimensional,	  constant	  interface,	  semi-­‐
infinite	  media	  solution	  to	  the	  diffusion	  equation	  described	  in	  the	  text.	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1.6 Complications arising from polyvalence: the case of Cr2+ and 
Cr3+ diffusion in olivine 
Abstract 
The rate and mechanisms of Cr diffusion in olivine were studied at 1400 °C as 
a function of fO2 (over ~16 log units), chemical activity (two conditions, using three-
phase powder Cr sources), crystallographic orientation (three principal axes) and 
olivine composition (both synthetic forsterite and natural San Carlos olivine). 
Elemental diffusion profiles were measured using LA-ICP-MS and EPMA, with the 
valence state changes of Cr determined along some diffusion profiles using XANES 
spectroscopy. 
The valence state of chromium (Cr2+/ΣCr [where ΣCr= Cr2++ Cr3+]) is not 
constant along diffusion profiles in pure forsterite; Cr is either partially oxidised or 
reduced during the diffusive process when buffered at low or high oxygen fugacity 
(fO2), respectively. Therefore, the external fO2 is not fully imposed on the crystal 
interior. Natural olivine shows no such change; electron transfer is facilitated by 
Fe2+/Fe3+ and hence the Cr valence state ratio is always in equilibrium with the 
external fO2.  
Cr3+ always substitutes onto an octahedral (M) site. At high silica activity 
(aSiO2) Cr3+ uses M site vacancies ([vac]) for charge balance (i.e. Cr4/3
3+[vac]2/3SiO4 ), 
whereas at low aSiO2 the mechanism is ‘spinel-type’, potentially charge balanced by 
Mg2+ on the tetrahedral site (
€ 
Cr23+MgO4 ). Cr2+ substitutes directly for Mg2+, forming 
€ 
Cr22+SiO4components. Several independent methods have been used to verify that the 
crystal-powder interfaces represent equilibrium: the Cr2+/ΣCr at the crystal rims and 
absolute concentrations of Cr2+ and Cr3+ as a function of fO2 support this assumption. 
Chromium diffusion is highly anisotropic (fastest along [001]), and considerably 
faster in the presence of protoenstatite (high aSiO2) than when periclase is present 
(low aSiO2). Anisotropy is more extreme at higher fO2. The geometry of Cr3+ profiles 
changes as a function of fO2 from near ‘error function’ at high fO2 to near linear at 
low fO2, interpreted as a change in cation-vacancy binding energy. In high aSiO2 
experiments in pure forsterite the Cr2+/ΣCr ratios change as a function of distance 
along the diffusion profiles. Experiments in more oxidised conditions show increasing 
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Cr2+/ΣCr, whereas the opposite trend is seen in more reducing conditions, leading to 
humped Cr2+ profiles at high fO2. 
Previous estimates of Cr diffusion rate in olivine appear to have been 
measured at very low aSiO2 conditions (extrapolating literature data to the conditions 
used in this study) and therefore may only be valid for determining Mn-Cr decay 
closure temperature in a few restricted meteorite types.   
1.6.1 Introduction 
In the previous chapters, the diffusing cations have been relatively simple in 
terms of their substitution mechanisms in that each only had one potential site 
location (treating the M1 and M2 sites in olivine together) and valence state. In this 
chapter, another layer of complexity is added, by studying the diffusion of an element 
that can substitute into olivine in two different valence states (over the range of 
oxygen fugacity considered) whilst only residing on the octahedral sites. 
In previous studies, emphasis has been placed on determining the effects of pressure, 
temperature, oxygen fugacity, chemical activity and isotopic mass on diffusion in 
olivine (Brady and Cherniak, 2010; Chakraborty, 2010, and references therein), but 
little consideration has been given to whether different oxidation states of the same 
trace element diffuse together or separately, or undergo electron transfers from one to 
the other as diffusion progresses.  
Fundamentally, the reason for this study was to determine whether a Cr 
diffusion profile could be deconvoluted into a Cr2+ and Cr3+ diffusion profile with 
separate diffusion coefficients. In this chapter, we show that this was a considerable 
oversimplification. 
Experimental studies of the partitioning of polyvalent elements such as Cr into 
olivine from melt are limited to equilibrium (e.g. Li et al., 1995; Mallmann and 
O'Neill, 2009) and they give no insight into the effects of kinetic processes on 
fractionation.  
Chromium has been shown to exist in natural olivines in two oxidation states, 
both octahedrally coordinated on the M-sites - Cr3+, which dominates in terrestrial 
settings (Bell et al., 2014), and Cr2+, which has been found in lunar and meteoritic 
olivines (McKeown et al., 2014; Sutton et al., 1993), and olivine and ferropericlase 
from diamond inclusions (Burns, 1975b; Odake et al., 2008). Both Cr2+ and Cr3+ have 
been incorporated into olivine experimentally (Bell et al, 2014; Hanson and Jones, 
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1998; Schreiber and Haskin, 1976). In addition, Cr4+ may occur in tetrahedral 
coordination in synthetic olivine (e.g. Akhmetzyanov et al., 2013; Rager et al., 1991; 
Yen and Jia, 1995), and Cr6+ is stable in olivine-bearing synthetic melts equilibrated 
at high fO2 (Berry and O'Neill, 2004). In melts, the transition between predominantly 
Cr2+ and predominantly Cr3+ occurs in the geologically-relevant region between the 
quartz-fayalite-magnetite and iron-wustite equilibria, respectively (Berry and O'Neill, 
2004; Berry et al., 2006).  
A first order assumption is that the fO2 imposed by the external environment 
sets the Cr2+/ΣCr ratio (assuming only Cr2+ and Cr3+ are relevant) in olivine grown 
from a melt at equilibrium. As such, the ratio of these valence states may have a 
potential application as a redox indicator for meteoritic and lower crustal olivine (Bell 
et al., 2014). However, this requires that Cr2+/ΣCr ratio is preserved in temperature-
pressure-time space beyond the point at which the measured Cr2+/ΣCr ratio 
equilibrated; this can only be validated by studying the kinetic behaviour of the two 
valence states. 
For the first time, diffusion in olivine of a trace element with multiple valence 
states has been measured initially for absolute concentration using LA-ICP-MS and 
electron probe micro-analysis (EPMA), and for the valence state ratio using X-ray 
absorption near-edge spectroscopy (XANES). This allows a simple concentration-
distance profile to be deconvolved into its components and helps towards a better 
understanding of kinetically mediated valence state interaction, inter-reaction and 
diffusion rates.  
Experimentally, the diffusion of Cr in olivine is favourable for the following 
reasons:  
1) The system MgO-SiO2-Cr2O3 is simple; forsterite is in equilibrium with 
magnesiochromite and either protoenstatite or periclase at 1400 °C (Keith, 1954). Fe-
bearing olivines are similarly in equilibrium with magnesiochromite and either 
orthopyroxene  or magnesiowustite.  
2) The transition between Cr2+ and Cr3+ has been well studied in Fe-free melts 
where forsterite is a liquidus phase by Berry and O'Neill (2004) at 1400 °C. 
3) The solubility of Cr in olivine at 1400 °C is on the order of 100s ppm to 
wt% (Li et al., 1995; Mallmann and O'Neill, 2009), allowing routine measurements 
using LA-ICP-MS and also opening up the possibility for analyses by XANES 
spectroscopy. 
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4) Diffusion of Cr in olivine can be fast enough to produce long (100s µm) 
concentration-distance profiles in short (days to weeks) times at 1400 °C (Spandler 
and O'Neill, 2010). 
5) The transition between pure Cr2+ and Cr3+ takes place over an easily 
accessible (using CO2-CO gas mixes) range of oxygen fugacity (Berry and O'Neill, 
2004; Berry et al., 2006). 
 
1.6.2 Methods 
1.6.2.1 Experimental methods 
 
This study used the powder source method to investigate Cr diffusion in both 
pure forsterite and San Carlos olivine as a function of aSiO2, orientation and fO2 at 
1400 °C only.  The powder sources (see Figure 1.6.1) were forsterite-protoenstatite-
magnesiochromite (fo-prEn-mcr) and forsterite-periclase-magnesiochromite (fo-per-
mcr). Note: mcr is a spinel, (sp). Experiments using San Carlos olivine were 
conducted by adding a Fe2O3 and powdered San Carlos olivine to the mixes before 
sintering (in a gas-mixing furnace under the same gas mix as the subsequent diffusion 
anneal). This sintered the assemblages ol-opx-sp and ol-fpr-sp (olivine-
orthopyroxene-spinel and olivine-ferropericlase-spinel, respectively). 
 In addition, a very low fO2 experiment (buffered at C-CO) was conducted 
using the experimental design of O’Neill and Berry (2006) with forsterite-
protoenstatite-chromium carbide (fo-prEn-ccar) and forsterite-periclase-chromium 
carbide (fo-per-ccar) as the diffusant sources.  
 
 
Figure	  1.6.1:	  MgO-­‐SiO2-­‐Cr2O3	  phase	  diagram	  from	  Keith	  (1954).	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1.6.2.1.1 Carbide buffered experiment (low fO2) 
Pre-sintered powders of fo-prEn or fo-per were mixed with chromium carbide 
powders in approximately 1:1 proportions. A small amount of graphite (~5 wt%) was 
also added to each mix. These were ground under acetone in an agate mortar, dried, 
and pasted onto crystal surfaces using polyethylene oxide, and the crystal-powder 
couples dried overnight. 
The design used in this experiment (Figure 1.6.2) was adapted from O’Neill 
and Berry (2006). A thick cylinder of graphite (2.5 cm diameter, 2 cm thickness) was 
cut from a rod, and seven holes were drilled into it – the central hole (8 mm diameter) 
penetrating the whole thickness of the disc and the six ~16 mm deep radial holes (5 
mm diameter) forming cups.  
 
 
	  
Figure	  1.6.2:	  Experimental	  design	  for	  the	  very	  low	  fO2	  experiment	  in	  this	  study.	  Left:	  disc	  of	  graphite	  
prepared	  to	  hold	  six	  experimental	  charges.	  Right:	  arrangement	  of	  crystal	  and	  powders	  inside	  each	  
cup.	  
	  
The base of the cups were lined with fo-prEn or fo-per, then the crystal-
powder couples were placed on top. These were then covered with loosely packed 
graphite powder to fill the holes. This is a compromise between having graphite 
closely associated with the crystal for fO2 buffering (at C-CO) and allowing CO gas to 
efficiently penetrate into the cups. 
The graphite disc was then hung from an alumina rod and the subsequent 
diffusion experiment conducted under a flow of pure CO gas. 
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1.6.2.2 Analytical methods 
The primary analytical method used in this study was standard scanning LA-
ICP-MS. Along with the usual suite of elements, 52Cr and 53Cr were initially counted 
on the ICP-MS for 0.1 and 0.3 s, respectively. In later analyses, only 53Cr was counted 
as 52Cr consistently gave prohibitively high background counts. In addition, EPMA 
used to discern the possibility of matrix effects between olivine and NIST standard 
reference glasses. Subsequently, XANES was used to determine the valence state of 
Cr along diffusion profiles.   
 
1.6.2.2.1 EPMA 
Electron probe microanalysis (EPMA) was conducted on a single diffusion 
profile showing the total range of Cr contents observed in this study (0-1.1 wt% Cr; 
CODE3, fo-prEn-mcr, [010]) using a Cameca SX100 electron microprobe. The main 
purpose was to determine whether LA-ICP-MS analyses were subjected to any matrix 
effects; the assumption in the former was that NIST glass and pure forsterite have the 
same ablation characteristics. The EPMA/LA-ICP-MS comparison (Figure 1.6.3) 
shows that matrix effects are not a concern in this system. 
 Mg and Si Ka were counted on TAP, and Cr Ka was simultaneously counted 
on PET, LLIF and LPET crystals. The accelerating voltage and beam current were 15 
keV and 100 nA, with 150 s and 75 s counting times on peak and background, 
respectively. San Carlos olivine and chromite were used as calibration standards. 
Compared to our LA-ICP-MS method, EPMA gives better spatial resolution, although 
there is potentially the problem of phantom effects where low concentrations are 
adjacent to high concentrations, due not only to secondary X-ray fluorescence but also 
stray electrons and Bremsstrahlung (see Fig. 2 of Hermann et al. (2005)). This 
problem was avoided in this case by physically removing the powder of the buffering 
assemblage before mounting the crystal, but this might not be possible in other 
experiments if the buffering assemblage sinters on to the crystal-in these cases it may 
be removed by gentle abrasion. The practical difference is that the EPMA profile took 
>8 hours to acquire, versus ~6 minutes for the LA-ICP-MS profile. 
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Figure	  1.6.3:	  A	  single	  diffusion	  profile	  measured	  by	  both	  LA-­‐ICP-­‐MS	  (grey)	  and	  EPMA	  (black).	  The	  two	  
techniques	  show	  nearly	  perfect	  agreement.	  Inset:	  EPMA	  vs	  LA-­‐ICP-­‐MS,	  including	  1:1	  line.	  The	  
discrepancy	  between	  the	  methods	  increases	  at	  higher	  Cr	  concentration;	  this	  is	  due	  to	  increased	  
scatter	  in	  the	  LA-­‐ICP-­‐MS	  data	  as	  the	  Cr	  concentration	  moves	  away	  from	  the	  ~400	  ppm	  in	  NIST	  610	  
(primary	  standard).	  
	  
1.6.2.2.2 XANES 
X-ray absorption near-edge spectroscopy (XANES) measurements to obtain 
Cr2+/ΣCr along diffusion profiles parallel to [001] were taken in fluorescence mode 
using synchrotron radiation at beamline ID13 of the GeoSoilEnviroCARS 
(GSECARS) sector of the Advanced Photon Source at the Argonne National 
Laboratory, Illinois. There was no need for further sample preparation, and the 
samples were presented in the same epoxy mounts as for LA-ICP-MS and EMPA 
analyses. 
The beam was focussed from the source, a 72 pole, 33 mm undulator, to a 
final spot size of 1x2 µm using dynamically figured Kirkpatrick-Baez focussing 
mirrors. Fluorescence was recorded using a cryogenically-cooled Si(311) 
monochromator and a silicon-drift solid state detector. The distance between the 
sample and detector was adjusted with the position along diffusion profiles to ensure 
that total counts were similar from one analysis to another, and within the linear range 
of the detector. The energy resolution was set to 5 eV in the pre-edge region (5939-
5979 eV), 0.2 eV across the edge (5979-6014 eV) and grading from 1.5 to 6 eV on the 
post-edge (6014-6370 eV). Scan durations were ~12 minutes. 
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Analyses were made along the diffusion profiles at intervals of 10 to 50 µm, 
depending on how much the spectra were varying between the analyses. In general, 
the intervals were more widely spaced near to the crystal-buffer interface and more 
closely spaced towards the low concentration end of the diffusion profiles. 
For most points only one spectrum was acquired but at lower Cr concentrations (less 
than ~100 ppm) two or three replicates were taken and the spectra averaged. 
Samples were oriented such that the path of the incident beam through the 
sample is at 45º to its polished surface, with the detector positioned at 90º to the 
incident beam. These paths are parallel to the plane of the diffusion interface plane, 
hence normal to the diffusion profile (Figure 1.6.4). Assuming diffusion is one-
dimensional, each XANES analysis therefore samples one position along the diffusion 
profile. 
In conducting the experiments and mounting the samples for analysis, only the 
crystallographic orientations of the diffusion profiles were known.  The orientation of 
the surface of the sample as mounted and polished for analysis was random (e.g., if 
the diffusion was along [001]), the plane of the polished surface could be (010) or 
(100), or anything between (Figure 1.6.4). However, this does not matter, because 
whatever the orientation on the way in, the fluorescence is at 90º to it on the way out. 
 
 
Figure	  1.6.4:	  Setup	  of	  XANES	  analyses	  of	  diffusion	  profiles;	  cartoon	  and	  photomicrograph.	  The	  beam	  
is	  oriented	  such	  that	  each	  spot	  represents	  only	  a	  single	  point	  on	  the	  profile,	  assuming	  that	  diffusion	  is	  
effectively	  one-­‐dimensional.	  	  Only	  the	  direction	  of	  diffusion	  is	  known;	  the	  analysis	  plane	  is	  either	  
(010)	  or	  (100)	  in	  this	  case,	  or	  a	  combination	  of	  the	  two.	  
	  
All XANES spectra were corrected for dead time, then deglitched manually 
and normalised to the intensity in the post-edge region at 6055-6370 eV, well above 
	   119	  
the absorption edge at ~6000 eV. Although XANES spectra in Cr2+- and Cr3+-doped 
forsterite has been measured previously, these measurements were on powders 
(Sutton et al., 1993), and cannot be used as standard for the present work, where 
crystallographic orientation has an influence on the spectra, i.e., on the energy of the 
edge as well as the intensity of the post-edge peak (Figure 1.6.5). Instead, we used 
orientation-matched spectra of samples in which the Cr was expected to be nearly all 
Cr2+ (fO2 imposed by graphite-CO), or nearly all Cr3+ (air). It turned out that three 
such standards are necessary for a given crystallographic orientation; one for Cr2+, 
and one each for Cr3+ at high and low aSiO2 (Figure 1.6.6). As a first iteration, we 
assumed that Cr2+/ΣCr at the buffer/crystal interface was 0 for the experiment 
conducted in air, and 1 at graphite-CO (for the two high aSiO2 standards). Subsequent 
refinement by fitting all the results to the theoretical expression for the variation of 
Cr2+/ΣCr with fO2 (Equation (1.6:18), see below), gave Cr2+/ΣCr of 0.98 for the 
experiment at graphite-CO, and 0.01 for the experiment in air. There are insufficient 
data to warrant this refinement with the low aSiO2 series of experiments. 
 
 
Figure	  1.6.5:	  The	  effect	  of	  crystallographic	  orientation	  on	  XANES	  spectra	  from	  a	  single	  experiment	  
(CODE10;	  logfO2=-­‐5.8).	  The	  three	  spectra	  are	  taken	  parallel	  to	  each	  of	  the	  three	  principal	  faces,	  i.e.	  in	  
the	  spectra	  labelled	  //(001)	  the	  beam	  enters	  and	  leaves	  the	  sample	  in	  a	  plane	  parallel	  to	  the	  (001)	  
face	  –	  in	  this	  case	  diffusion	  was	  being	  investigated	  along	  the	  [001]	  direction.	  The	  difference	  between	  
//(001)	  and	  //(010)	  is	  minimal	  –	  it	  may	  relate	  simply	  to	  the	  analyses	  being	  taken	  at	  relatively	  different	  
points	  on	  the	  diffusion	  profiles.	  However,	  the	  major	  difference	  between	  these	  two	  and	  the	  //(100)	  
spectrum	  precludes	  the	  possibility	  of	  using	  bulk	  spectra	  of	  powders	  as	  standards.	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Cr2+/ΣCr were determined in all other spectra at the same crystallographic 
orientation by assuming that they can be modelled as linear combinations of these 
near end-member spectra, using least-squares fitting of the data between 5980 and 
6030 eV, with all points weighted equally. The greater density of data collected at the 
higher energy resolution between 5979 and 6014 eV weights the fit towards 
emphasising this region of the spectra. The errors were estimated using the square 
root of the estimated variance of the random error (1 sigma) using the nls package in 
the R open-source code. 
The distance between the crystal-buffer interface and the XANES spot were 
determined from photomicrographs taken before analyses showing clear fluorescence 
(e.g. Figure 1.6.4). The total Cr content at each XANES spot, with known distances 
from the interface, was then determined from LA-ICP-MS data. A nine-point LA-
ICP-MS average and standard deviation around the XANES spot location was used to 
smooth the data. No corrections were made for matrix effects, given the agreement 
with EPMA (Figure 1.6.4). The concentrations of Cr2+ were then determined by 
multiplying bulk Cr concentration by Cr2+/ΣCr, with Cr3+ = ΣCr - Cr2+. The 
uncertainty from the linear combination fitting was then propagated through.   
 
1.6.3 Chromium at the crystal-powder interface: results and discussion of 
equilibrium substitution mechanisms 
1.6.3.1 Results 
1.6.3.1.1 XANES end member spectra  
From the considerable range of spectra recorded, three end members were 
identified based on peak positions and edge geometry (Figure 1.6.6).  The lowest 
energy edge was observed at the interface of the most reducing experiments in both 
aSiO2 buffering conditions (fo-prEn-ccar-graph and fo-per-ccar-graph). This has an 
intense peak at 6005 eV, and no pre-edge feature. This spectrum is assigned to Cr2+ in 
octahedral coordination (tetrahedrally coordinated Cr is generally associated with a 
pre-edge feature (Pantelouris et al., 2004) that is not present in these spectra). 
The interface spectrum from the most oxidised, high aSiO2 experiments shows 
a less prominent peak and a higher energy (+~5 eV) edge than the Cr2+ spectrum. The 
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lack of a pre-edge feature and comparison with similar spectra from Berry and 
O’Neill (2004) and Bell et al. (2014) suggests this is Cr3+ in octahedral coordination. 
The third end member spectrum was observed at the end of periclase-buffered 
diffusion profiles at high fO2. In these experiments the spectra recorded closest to the 
crystal interface have an edge at an energy between the first two end members, then 
as the spectra step further into the crystal, the edge moves to lower energy, then 
reverses direction and shifts to higher energy than that of the interface spectrum. This 
final, constant position is the third end member.  This spectrum has a higher energy 
peak than the two other end members, and an intense shoulder on the edge. There is 
also a very weak pre-edge feature. This spectrum cannot be generated by a linear 
combination of the other two end members. However, the lineshape and energy are 
nearly identical to that of Cr spinel (Berry and O’Neill, 2004), suggesting that the 
substitution mechanism is equivalent to a spinel, with Cr3+ in octahedral coordination. 
 
 
Figure	  1.6.6:	  End	  member	  spectra	  from	  [001]	  experiments.	  Most	  spectra	  can	  be	  fit	  to	  a	  linear	  
combination	  of	  the	  	  Cr2
2+SiO4	  and	  Cr4/3
3+[vac]2/3SiO4	  end	  members;	  the	  Cr2
3+MgO4	  end	  member	  is	  only	  
used	  in	  high	  fO2,	  low	  aSiO2	  experiments.	  Inset:	  Cr
2+	  and	  Cr3+	  (in	  silicate	  melt)	  and	  spinel	  standards	  
from	  Berry	  and	  O’Neill	  (2004).	  	  
	  
1.6.3.1.2 Cr concentration  
Total Cr, Cr2+ and Cr3+ concentrations at the crystal-powder interface are 
presented in Table 1.6.1. Figure 1.6.7 shows the relationship between Cr 
concentration and aSiO2 as a function of fO2. The first order observation is that Cr 
concentration is consistently higher in protoenstatite-buffered than periclase-buffered 
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experiments, i.e. higher at higher aSiO2. A similar but slightly decreased dependence 
is seen in the San Carlos olivine experiments.  
 
 
Figure	  1.6.7:	  Interface	  Cr	  concentrations.	  Circles	  represent	  experiments	  conducted	  in	  pure	  forsterite,	  
stars	  in	  San	  Carlos	  olivine.	  (a)	  Cr	  concentration	  at	  the	  crystal-­‐buffer	  interface	  in	  both	  protoenstatite	  
and	  periclase-­‐buffered	  conditions.	  (b)	  Concentration	  ratio	  between	  Cr	  concentration	  in	  the	  two	  
buffering	  conditions	  (as	  shown	  in	  (a)).	  Dashed	  lines	  represent	  Cr(prEn)/Cr(per)	  ratios	  for	  pure	  Cr2+	  
(both	  with	  magnesiochromite	  and	  chromium	  carbide	  as	  a	  source)	  and	  Cr3+,	  predicted	  from	  
thermodynamic	  data	  (see	  discussion).	  
	  
The Cr concentration increases as fO2 decreases, excluding the lowest fO2 
(carbide-buffered) experiment (Figure 1.6.7a). The ratio of interface concentrations 
(interface Cr (protoenstatite-buffered) divided by interface Cr (periclase-buffered)) 
decreases as fO2 decreases; the difference in Cr concentration between silica buffers is 
lesser at lower fO2. (Figure 1.6.7). The interface concentrations from the San Carlos 
olivine experiment do not fit this trend; the ratio of concentrations is considerably 
smaller than in forsterite experiments. This relates to higher Cr solubility in 
magnesiowustite-buffered experiments compared to periclase-buffered; the 
concentrations whether buffered by orthopyroxene or protoenstatite do not change 
(Figure 1.6.7). 
 
1.6.3.2 Discussion  
The experiments are designed such that the concentration of Cr in the 
forsterite at the crystal-buffer interface is expected to be the equilibrium concentration 
controlled by the buffering assemblage according to the appropriate univariant (that 
is, P-T-invariant) reactions. These reactions depend on how the components of the Cr 
species in the forsterite are defined.  
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Herein, several independent methods of validating the assumption of 
equilibrium are presented, with reference to the pure end member substitution of Cr2+ 
and Cr3+. The treatments that have been used in previous chapters will be presented 
only briefly. 
 
1.6.3.2.1 Cr2+ incorporation 
This is relatively straightforward, as the extensive solid solution along the 
chromium olivine - magnesium olivine binary (Li et al. 1995) means that Cr2+ 
replaces Mg2+ with no charge imbalance and only minor lattice distortion (ionic radii 
Cr2+=0.80Å, Mg2+=0.72Å),  forming the Cr
2+
2  SiO4 substitution.  
The equilibrium reactions describing substitution of Cr2+ as Cr2+2  SiO4 in the 
two assemblages (high and low aSiO2, respectively) buffered by chromium carbide, 
graphite and carbon monoxide are: 
 
€ 
2
3 Cr32+C2 +  Mg2Si2O6 +  2CO =  Cr22+SiO4 +  Mg2SiO4 +  103 C  (	  1.6:1	  )	  
                                     opx                     ol                          ol                
 
and 
 
€ 
2
3 Cr32+C2 +  Mg2SiO4 +  2CO =  Cr22+SiO4 +  2MgO +  103 C  (	  1.6:2	  )	  
          ccar     ol                                               ol   
 
Note that chromium carbide is defined as Cr3C2 in these reactions, but if it were 
Cr3C4, etc, the reaction would not change except for the amounts of the carbide and 
graphite phases. Given the low concentrations of Cr2+ in these experiments, we may 
assume that all components except Cr2+2  SiO4 have activity of one, such that 
subtraction of equilibrium (1.6:2) from (1.6:1) gives: 
 
ln(a
Cr2
2+SiO4
ol )prEn,ccar -ln(aCr22+SiO4
ol )per,ccar =
-(ΔGr (1.6:1)-ΔGr (1.6:2))
RT
 
(	  1.6:3	  )	  
 
where ∆Gr(1.6:1)-∆Gr(1.6:2) refers to the free energy of reaction (1.6:4): 
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€ 
Mg2Si2O6 +  2MgO =  2Mg2SiO4  (	  1.6:4	  )	  
 
Using the formulations presented in Chapter 1.3, and given that mixing in olivines on 
the Cr2+2  SiO4 – Mg2SiO4 binary takes place on two sites per formula unit (
€ 
aCr22+SiO4
Ol = (γCr22+SiO4
Ol XCr22+SiO4
Ol )2
 
or
 
 
€ 
aCr22+SiO4
Ol ∝ (XCr22+SiO4
Ol )2 ), we can predict that the Cr2+ 
concentration is 6.61x higher in protoenstatite-buffered experiments than periclase-
buffered (‘predicted’ ratios in Figure 1.6.6b). The Cr concentrations at the interfaces 
are 2110 ppm (±190) and 230 ppm (±24) respectively (errors from repeat 
measurements), giving a ratio of 9.17 (±1.26), which just falls outside agreement. As 
this is a simple ratio, it does not matter whether mole fraction or wt. ppm is used. 
The equivalent reactions in the two assemblages with magnesiochromite 
(referring to the lowest fO2 magnesiochromite-buffered experiments) are: 
 
  
MgCr23+O4 +  1.5Mg2Si2O6 =  Cr22+SiO4 +  2Mg2SiO4 +  0.5O2 (	  1.6:5	  )	  
           sp                                  opx                           ol                     ol         
 
and 
 
€ 
MgCr23+O4 +  Mg2SiO4 =  Cr22+SiO4 +  3MgO +0.5O2  (	  1.6:6	  )	  
            sp                         ol                             ol  
 
Substitution of ( 1.6:6 ) into ( 1.6:5 ) gives: 
 
€ 
1.5Mg2Si2O6 +  3MgO =  3Mg2SiO4  (	  1.6:7	  )	  
           opx                                                           ol  
 
In this case the predicted ratio of the interface concentration (from the 
thermodynamic database, using a similar treatment as presented above) of Cr2+ 
between the prEn- and per-buffered assemblages is 17.00, a factor of ~2.5 higher than 
in the ccar+graphite experiment. This is in good agreement with the data (Figure 
1.6.6b), but the low fO2, high aSiO2 experiments buffered with magnesiochromite are 
also contain some (<10%) Cr3+, and the Cr3+ concentration in the equivalent low 
aSiO2 experiment has not been quantified.  
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1.6.3.2.2 Cr3+ incorporation 
For Cr3+, the equilibria governing the equilibrium concentrations are not as 
obvious. There is firstly ambiguity in how Cr3+ substitutes into Mg2SiO4, which 
defines the stoichiometry of the appropriate components, and, secondly, the effect of 
this uncertainty on configurational entropy. At high aSiO2 a substitution mechanism 
forming M-site vacancies is favoured, and in the pure forsterite system with negligible 
impurities, this is limited to 
€ 
Cr4 / 33+ [vac]2 / 3SiO4 , (where [vac] represents a vacant site). 
As the component is comprised of Cr3+ and vacancy, its configurational entropy 
depends on the extent of short-range ordering between Cr3+ and the vacancies, i.e. 
when the position of the Cr3+ is known, is the position of the vacancy also defined? 
Here it is useful to define an empirical mole fraction of Cr3+ in Mg2SiO4, i.e. XCr3+
ol , as 
molar Cr3+/(Cr3++Mg), in analogy to the mole fraction of Cr2+. The evidence from 
olivine/melt partitioning experiments at high fO2 (where nearly all Cr is trivalent) is 
that the activity of the Cr3+ component is proportional to the Cr concentration, 
because the partition coefficient does not change with Cr concentration (e.g., 
Mallmann and O’Neill 2009). Hence a
Cr4/3
3+ [vac]2/3SiO4
ol  is proportional to X
Cr3+
ol( )4/3  (by 
stoichiometry). Physically this may be rationalized if pure Cr3+ substitutes onto only 
one of the two distinguishable octahedral sites in the olivine lattice, with the charge-
balancing vacancies in the same kind of site, with positions completely specified by 
the positions of the Cr3+, i.e. low configurational entropy. Note, however, that the 
olivine/melt partitioning experiments (Mallmann and O’Neill, 2009) were carried out 
in systems containing Al2O3 as a major component, which would allow the highly 
likely MgCr3+AlO4 substitution, not available in the present Al-poor situation 
(nominally Al-free; ~15 ppm Al in the pure forsterite (Zhukova et al, 2014)). 
The reaction describing the stoichiometry of this substitution from magnesiochromite 
at high aSiO2 is: 
 
€ 
4
3 Mg2Si2O6 +  23 MgCr23+O4 =  Cr4 / 33+ [vac]2 / 3SiO4 +  53 Mg2SiO4  (	  1.6:8	  )	  
          opx                                  sp                     ol           ol 
  
 
The equivalent reaction at low aSiO2 would be: 
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Mg2SiO4 + 
2
3 MgCr2
3+O4 = Cr4/3
3+[vac]2/3SiO4 + 
8
3 MgO  
           ol                              sp                ol   
(	  1.6:9	  )	  	  
Subtracting ( 1.6:9 ) from ( 1.6:8 ) relates the ratio of the activities of Cr4/3
3+[vac]2/3SiO4  
in the prEn-buffered experiments to those in the periclase-buffered experiments 
through the reaction: 
 
€ 
4
3 Mg2Si2O6 +  83 MgO =  83 Mg2SiO4  
            opx                                                         ol 
(	  1.6:10	  )	  
 
Which predicts that 
€ 
(XCr 3+ol )prEn /(XCr 3+ol )per  is 43.8x, using a similar treatment as above. 
This ratio is shown against the data in Figure 1.6:7b.  The Cr interface concentration 
in equilibrium with prEn in air (minimal Cr2+) is 1141 ± 80 ppm, so the predicted 
concentration in equilibrium with per is 26 ppm, slightly less than the observed 39 ± 
7. There is, also, the implication from the XANES spectroscopy that the Cr3+ 
substitution into forsterite at the low aSiO2 condition is different to that at the high 
aSiO2 condition. The remaining ~ 13 ppm might be assigned to the different 
substitution mechanism, which we propose might be the spinel-type substitution, 
€ 
Cr23+MgO4 (ol).  
The concentration of Cr3+ as this 
€ 
Cr23+MgO4  substitution in equilibrium with 
MgCr2O4 (magnesiochromite) is controlled by the reaction: 
 
€ 
MgCr23+O4 =  Cr23+MgO4  
           sp                               ol   
(	  1.6:11)	  
 
which is notably independent of both fO2 and aSiO2. This means that the small 
amount of Cr3+ in this substitution seen in the per-buffered experiment in air should 
also be present at the same amount in all experiments with magnesiochromite, but is 
hidden in the prEn-buffered experiments by the far higher amount of Cr3+ occurring 
as the vacancy-balanced substitution. 
 
1.6.3.2.3 The effect of oxygen fugacity 
The changing concentrations of Cr2+ and Cr3+ as a function of fO2 (pure 
forsterite experiments) gives another level of certainty that the interface 
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concentrations do in fact represent equilibrium. The general trend is that the 
concentration of Cr2+ increases as fO2 decreases (excluding the chromium carbide-
buffered experiment) and the concentration of Cr3+ stays the same (Figure 1.6.8, 
discussed below).  
The substitution reaction of Cr3+ from magnesiochromite into forsterite to 
form the 
€ 
Cr4/33+[vac]2/3SiO4  component (i.e. reaction ( 1.6:8 ) above), does not include 
any free oxygen. Therefore, no oxygen fugacity dependence is predicted from this 
substitution and indeed, a dependence is not observed; the Cr3+ concentration at 
crystal-buffer interfaces is always 1000-1300 ppm. This relationship is shown in 
Figure 1.6.8. 
The incorporation of Cr2+ into pure forsterite from magnesiochromite 
necessarily liberates oxygen (reaction ( 1.6:5 ) and ( 1.6:6 ), above). The fO2 
dependence of this reaction is clear; the Cr2+ content of the olivine should increase 
with decreasing fO2 according to Le Chatelier’s principle. The equilibrium constant 
for reaction ( 1.6:5 ) can be written: 
 
K=
aMg2Si2O6
opx( )1.5 aspMgCr2O4
aolCr2SiO4 aMg2SiO4
ol( )2 fO20.5
 
(	  1.6:12	  )	  
 
Assuming the activity of forsterite, protoenstatite and magnesiochromite are equal to 
1 and the mole fraction of Cr2+ is equal to 
€ 
(aCr2SiO4
Ol )2  (i.e. no short range order 
between Cr2+ cations, as discussed above), ( 1.6:12 ) can be reduced to ( 1.6:13 ): 
 
€ 
XCr 2+Ol ∝ fO2
-0.25 (	  1.6:13	  )	  
 
Figure 1.6.8 shows the concentration of Cr2+ from protoenstatite-buffered experiments 
as a function of fO2 fit to the -0.25 exponent with a pre-exponential factor of 15.9 
(derived by least-squares regression). 
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Figure	  1.6.8:	  Cr2+	  and	  Cr3+	  concentration	  at	  crystal-­‐buffer	  interface	  in	  fo-­‐prEn-­‐mcr	  buffered	  
experiments	  in	  forsterite	  as	  a	  function	  of	  fO2.	  Cr
3+	  concentration	  stays	  constant	  as	  expected;	  no	  O2	  is	  
involved	  when	  transferring	  Cr3+	  from	  	  MgCr3+2O4	  (buffer)	  to	  Cr
3+
4/3[vac]2/3SiO4	  (crystal).	  ‘Cr
2+	  predicted’	  
is	  from	  Equation	  (	  1.6:14	  ).	  
	  
In addition, given that the free energies of formation of all phases in reaction ( 
1.6:5 ) have been measured (Holland and Powell, 2011; Klemme and O'Neill, 1997; 
Li et al., 1995; Mazandarany and Pehlke, 1974, Holzheid and O’Neill, 1995), the free 
energy of the reaction can be calculated using literature data, shown in the Appendix. 
Following Li et al. (1995) equation ( 1.6:14 ) is derived from ( 1.6:5 ): 
 
ln XCr2+ol = 12 ΔGr (1.6:5)-WMg-Cr2+ol( ) / RT 
+ 14 ln aMgCr2O4sp + 38 ln aMg2Si2O6opx - 18 ln fO2
 
(	  1.6:14	  )	  
 
Where 
€ 
XCr 2+ol is the mole fraction of Cr2+ in the olivine phase, 
€ 
ΔG r( 1.6:5 ) is the free 
energy of reaction ( 1.6:5 ), 
€ 
WMg−Cr 2+ol is an interaction parameter (8600 Jmol-1 from Li 
et al. (1995)), 
€ 
aMgCr2O4sp is the activity of MgCr2O4 in the spinel phase and 
€ 
aMg2Si2O6opx  is 
the activity of Mg2Si2O6 in the orthopyroxene phase. Given that these activities are 
both ≈1 (Klemme and O'Neill, 1997), the 
€ 
ln aMg2Si2O6opx  and 
€ 
ln aMgCr2O4sp terms can be 
removed. From this relationship the concentration of Cr2+ as a function of fO2 can be 
calculated (for reference, 
€ 
XCr 2+
ol of 0.1, 0.01 and 0.001 equal 7.11 wt%, 0.74 wt% and 
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740 ppm respectively), this is shown in (Figure 1.6.8) along with the measured Cr2+ 
concentration.  
Whilst the Cr2+ predictions are in the right order, they systematically 
overestimate the concentrations determined in this study by ~35%. There are several 
potential reasons for this. Firstly, the reactions are highly temperature dependent, such 
that a 30 °C change removes the discrepancy. This is unlikely to be a problem in this 
study; temperatures in 1atm furnaces are very well controlled, but may have affected 
the determinations of Klemme and O'Neill (1997) and Li et al. (1995), both of whom 
used piston cylinders where temperature gradients of ~10 °C are not unusual. 
Analytically, the data from this study, determined by LA-ICP-MS, systematically 
underestimates the interface Cr concentration; the laser has a width of several (~6) µm 
and a 100 µm length, unlikely to be perfectly oriented in parallel with the crystal 
edge. In addition, matrix effects when determining Cr in forsterite (against a NIST 
glass) are not understood (although the LA-ICP-MS vs EPMA agreement suggests 
they are negligible). Furthermore, the XANES analyses were also taken at least 5-10 
µm from the crystal edge, so also do not represent the true interface. In terms of 
thermodynamics, the W parameter (interaction) estimated by Li et al. (1995) as 8600 
Jmol-1 is based solely on the molar volumes of Mg2SiO4 and Cr2SiO4 end members, 
and does not take into account crystal field effects which could change the parameter. 
Taken together, while the difference between thermodynamic predictions and the 
dataset in this study may be large, the order-of-magnitude agreement and plethora of 
reasons for potential disagreement deem the 35% variation as acceptable. 
Another independent constraint on the activity-composition relations of the 
€ 
Cr4/33+[vac]2/3SiO4  component in olivine is given by the relationship between Cr2+ and 
Cr3+ (and with it Cr2+/ΣCr) in the fo-prEn-mcr buffered assemblage and fO2. The 
equilibrium between the Cr2+ and Cr3+ substitutions (balanced for one Cr cation) can 
be written: 
 
€ 
1
2 Cr22+SiO4 +  14 Mg2Si2O6 +  14 O2 =  34 Cr4/33+[vac]2/3SiO4 +  14 Mg2SiO4  
           ol                               opx                                                             ol                                     ol 
(	  1.6:15	  )	  
 
The reaction constant for ( 1.6:15 ), where a=Xγ (activity equals mole fraction 
multiplied by activity coefficient), is: 
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K=
X
Cr4/3
3+ [vac]2/3SiO4
ol γ
Cr4/3
3+ [vac]2/3SiO4
ol( ) 34 XMg2SiO4ol γ Mg2SiO4ol( )
1
4
X
Cr2
2+SiO4
ol γ
Cr2
2+SiO4
ol( )12 XMg2Si2O6opx γ Mg2Si2O6opx( )
1
4 fO2( )
1
4
 
(	  1.6:16	  )	  
 
 
Assuming that the activity of forsterite and protoenstatite are at unity and that at very 
low concentrations the activity coefficients are constant (Henry’s law) considerably 
simplifies this equation; the leftover terms can be rearranged to give: 
 
log
X
Cr4/3
3+ [vac]2/3SiO4
ol( ) 34
X
Cr2
2+SiO4
ol( )12
⎛
⎝
⎜
⎜
⎜
⎞
⎠
⎟
⎟
⎟
= log Cr
3+
Cr2+
⎛
⎝⎜
⎞
⎠⎟
= 14 log fO2 + logK  
(	  1.6:17	  )	  
 
Then, assuming that total chromium is only comprised of Cr2+ and Cr3+, i.e. 
Cr3+=ΣCr-Cr2+; no Cr0, Cr4+ or Cr6+, equation ( 1.6:17 ) is rearranged such that 
Cr2+/ΣCr is the subject: 
 
€ 
Cr2+
ΣCr =
1
1+10( 14 logfO2 +logK)
 
(	  1.6:18	  )	  
 
 
Equation ( 1.6:18 ) predicts that the Cr2+/ΣCr ratio (interfaces) follows a sigmoidal 
relationship as a function of log fO2, and indeed the data can be fitted to such a curve 
(Figure 1.6.9). The relationship with oxygen fugacity is identical to that determined 
for the simpler situation in a melt, where CrO1.5 can be readily reduced to CrO, and 
the value of logK determined in this study is within error of the equivalent logK’ (in 
K’, the prime indicates K at a specified composition) determined in melt-olivine 
partitioning experiments (see Berry and O’Neill, 2004). 
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Figure	  1.6.9:	  Left-­‐XANES	  spectra	  from	  the	  crystal-­‐buffer	  interface,	  as	  a	  function	  of	  fO2.	  All	  spectra	  
have	  been	  normalised	  in	  the	  near-­‐EXAFS	  region	  (not	  shown).	  Right-­‐Cr2+/ΣCr	  as	  a	  function	  of	  fO2;	  
colours	  correspond	  to	  those	  on	  the	  left	  hand	  image.	  	  Cr2+/ΣCr	  values	  are	  determined	  by	  linear	  
combination	  fitting	  between	  the	  extreme	  end	  member	  spectra,	  which	  are	  themselves	  allowed	  to	  
change	  value	  to	  achieve	  the	  best	  fit	  to	  the	  sigmoidal	  curve	  (Equation	  (1.6:18)).	  Also	  shown	  is	  Cr2+/ΣCr	  
from	  a	  melt	  at	  1400	  °C	  with	  forsterite	  on	  the	  liquidus	  (AD+Fo	  of	  (Berry	  and	  O'Neill,	  2004));	  suggesting	  
no	  change	  in	  Cr2+/ΣCr	  during	  olivine-­‐melt	  partitioning.	  
	  
1.6.4 Chromium diffusion: results and discussion of diffusion mechanisms 
1.6.4.1 Results 
1.6.4.1.1 LA-ICP-MS / EPMA results: diffusivity and profile shapes 
The experiments conducted at extremely low fO2 (Figure 1.6.11c, see below), 
with chromium carbide as the Cr source, yield profiles that can be fitted to the one 
dimensional, concentration independent, semi infinite source solution to the diffusion 
equation (see Chapter 1.1). 
In magnesiochromite-buffered experiments, no such fit is possible. The shape 
and length of concentration-distance profiles change as a function of both fO2 and 
buffering assemblage. In order to avoid making any assumptions about diffusion rates 
or mechanisms, firstly a semi-quantitative mobility parameter D* is defined (note – 
the * distinguishes this parameter from D, the true diffusion coefficient). This is 
defined as the maximum distance of penetration (m) of Cr into the crystal (visually 
identified as the point at which Cr increases above background concentration, as used 
in the Sc diffusion chapter (1.4)), squared, then divided by time (s). This approach 
only works where there is not an asymptotic approach to background values. 
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The rate of Cr movement in protoenstatite-buffered experiments increases as 
fO2 decreases; in air log D* along [001] is -13.9 m2s-1, compared to -12.5 at fO2=10-11 
bars. The diffusivity then decreases at the very low fO2 corresponding to the C-CO 
buffer where chromium carbide is the source (Figure 1.6.10). A similar dependence 
on fO2 is seen in periclase-buffered experiments, although the rate of diffusion is 
considerably slower (Figure 1.6.10b). 
Chromium diffusion shows variable anisotropy; at high fO2 the advancing 
velocity is ~90 x greater along [001] than [100] (this translates to a real difference in 
diffusive penetration of √90). As fO2 decreases, the anisotropy also decreases (Figure 
1.6.10c). The decrease in anisotropy is non-linear; the greatest change occurs in the 
intermediate fO2 region. 
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Figure	  1.6.10:	  Summary	  of	  all	  diffusivity	  data	  obtained	  by	  LA-­‐ICP-­‐MS	  as	  a	  function	  of	  fO2.	  (a)	  Cr	  
diffusion	  in	  experiments	  buffered	  by	  protoenstatite	  (high	  aSiO2)	  along	  [001],	  [010]	  and	  [100].	  Cr	  
concentration-­‐distance	  profiles	  from	  experiments	  conducted	  at	  the	  most	  reducing	  conditions,	  and	  
periclase	  buffered	  experiments	  in	  San	  carlos	  olivine	  can,	  and	  have	  been,	  fit	  to	  the	  error	  function	  (D;	  
denoted	  by	  ^),	  all	  others	  are	  presented	  as	  an	  advancing	  velocity	  (D*)	  determined	  by	  measuring	  the	  
furthest	  Cr	  penetration	  distance	  into	  the	  crystal.	  (b)	  As	  (a),	  for	  experiments	  conducted	  in	  periclase-­‐
buffered	  conditions	  (low	  aSiO2).	  (c)	  Diffusive	  anisotropy	  in	  protoenstatite-­‐buffered	  conditions,	  
measured	  as	  the	  difference	  in	  either	  D	  or	  D*	  along	  [001]	  and	  [100],	  in	  m2s-­‐1.	  
	  
	  	  
Examples of profile shapes are given in Figure 1.6.11. Total Cr is shown in 
light grey; the deconvolution of total Cr into Cr2+ and Cr3+ is described below.  
When buffered by fo-prEn-mcr (high aSiO2), the diffusion profiles are broadly 
concave-down (Figure 1.6.11a) at high fO2 to linear (Figure 1.6.11b) at low fO2. The 
high aSiO2 experiment in San Carlos olivine shows a geometry intermediate between 
linear and concave-down (Figure 1.6.11d). In experiments buffered by fo-per-mcr 
(low aSiO2), the concentration-distance profiles go from slightly concave up at high 
fO2 to slightly concave down at low fO2.  
 
1.6.4.1.2 XANES results: valence state changes of diffusing chromium in 
protoenstatite-buffered experiments 
Cr2+/ΣCr changes along the diffusion profiles where the fo-prEn-mcr buffer is used; a 
compilation of XANES spectra are shown from all protoenstatite-buffered 
experiments in Figure 1.6.12. These have then been fitted to a linear combination of 
the Cr2+ and Cr3+ end members; Cr2+/ΣCr data as a function of distance along 
diffusion profiles are compiled in Figure 1.6.13. 
In the experiments conducted between air (log fO2=-0.68) and just below 
QFM (log fO2=-7.63), Cr2+/ΣCr increases from equilibrium values at the interface to 
more reduced ratios in the crystal interior. The experiment at log fO2 of -9.6  (~Fe-
FeO equilibria (O'Neill, 1987), shows no significant Cr2+/ΣCr change along the length 
of the concentration-distance profile. The experiment at log fO2 of -11.1 shows the 
opposite effect to the more oxidising runs, the edge shifts to slightly higher energy at 
the tail end of the profile, representing decreased Cr2+/ΣCr. The experiment from the 
most reducing conditions (C-CO equilibrium), shows no edge shift; the Cr2+/ΣCr ratio 
stays at around 1 (pure Cr2+) over the length of the profile (Figure 1.6.12, Figure 
1.6.13). 
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Figure	  1.6.11:	  Example	  diffusion	  profiles,	  showing	  total	  Cr	  (light	  grey	  circles),	  Cr3+	  (dark	  grey	  circles)	  
and	  Cr2+	  (squares).	  (a)	  Oxidised	  (log	  fO2=-­‐3.1)	  experiment	  in	  forsterite,	  showing	  humped	  Cr
2+	  profile	  at	  
low	  concentration	  and	  concave-­‐down	  Cr3+	  profile.	  (b)	  Reduced	  (log	  fO2=	  -­‐9.6)	  forsterite	  experiment,	  
showing	  linear	  Cr3+	  decrease	  and	  Cr2+	  at	  much	  higher	  concentrations	  with	  the	  same	  profile	  geometry	  
as	  Cr3+.	  (c)	  Very	  reduced	  experiment	  conducted	  at	  C-­‐CO	  buffer	  (log	  fO2=	  -­‐16.1),	  showing	  error	  
function-­‐shaped	  Cr2+	  profile	  (fit	  shown)	  and	  Cr3+	  below	  detection	  limit.	  (d)	  San	  Carlos	  olivine	  
experiment	  at	  moderate	  fO2.	  (a),	  (b)	  and	  (d)	  are	  fitted	  to	  a	  relationship	  that	  describes	  diffusion	  as	  a	  
function	  of	  Cr3+-­‐vacancy	  binding	  and	  pair	  diffusivity.	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Figure	  1.6.12:	  Stacked	  XANES	  spectra	  from	  all	  protoenstatite-­‐buffered	  [001]	  diffusion	  experiment	  
(arbitrary	  offset).	  Numbers	  represent	  logfO2	  of	  the	  anneal.	  In	  all	  experiments	  with	  log	  fO2>-­‐7.6	  
(excluding	  the	  experiment	  in	  natural	  olivine,	  fo90),	  the	  interface	  is	  more	  oxidised	  (higher	  energy	  edge)	  
than	  interior	  end	  of	  the	  diffusion	  profile.	  The	  more	  reduced	  experiments	  show	  little	  change	  between	  
interface	  and	  crystal	  interior.	  
	  
In San Carlos olivine, no change in Cr2+/ΣCr is seen over the length of the 
diffusion profile, except for the interface spectrum that has the same spectrum as pure 
Cr3+. This is likely to result from some spectral contamination. 
An increasing Cr2+/ΣCr profile, superimposed onto a ΣCr concentration decay, 
leads to a humped Cr2+ concentration-distance profile. These necessarily require 
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reduction of Cr3+ to Cr2+ within the crystal. The following will speculatively discuss a 
potential mechanism for this. 
 
 
Figure	  1.6.13:	  Changes	  in	  Cr2+/ΣCr	  along	  diffusion	  profiles	  from	  all	  protoenstatite-­‐buffered	  
experiments	  in	  both	  forsterite	  (circles)	  and	  San	  Carlos	  olivine	  (stars)	  at	  1400°C.	  Numbers	  represent	  
log	  fO2	  of	  each	  experiment.	  The	  x	  axis	  is	  normalised	  distances	  along	  diffusion	  profiles	  calculated	  as	  
distance	  (m)	  divided	  by	  square	  root	  of	  time	  (s).	  Cr2+/ΣCr	  from	  all	  forsterite	  experiments	  appears	  to	  
converge	  on	  the	  same	  value	  at	  the	  tail	  end	  of	  diffusion	  profiles.	  
	  
1.6.4.2 Discussion  
1.6.4.2.1 Cr valence state changes along diffusion profiles  
According to Smyth and Stocker (1975), the predominant oxygen-deficient 
defect in pure forsterite, and hence the main source of conduction-band electrons with 
the potential to change the valence of a diffusing species, is a fully ionised oxygen 
vacancy charge-balanced by two electrons, e.g. ( 1.6:19 ) 
   
€ 
OO× =VO•• + 2e− + 0.5O2  (	  1.6.19	  )	  
 
The work of Smyth and Stocker (1975) used the data from experiments of Pluschkell 
and Engel (1968). The earlier study, however, favoured an oxygen-deficient defect 
whereby unit cells are annihilated leaving oxygen gas and interstitial Mg2+ and Si4+ 
cations: 
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€ 
4OO× + 2MgMg× +SiSi× = 2O2 + 2Mgi•• +Sii•••• + 8e−  (	  1.6:20	  )	  
 
In either case, conduction band electrons are liberated by loss of oxygen. Fully 
ionised oxygen vacancies may also be charge balanced by magnesium vacancies 
(Schottky defect), but this point defect liberates no free O2 (it liberates MgO instead) 
hence has no fO2 dependence and leaves no electrons in the conduction band. As the 
original starting crystal was grown by the Czochralski process, the fO2 of the furnace 
(generally Ar atmosphere – relatively reducing) would have controlled the 
concentration of electrons and/or oxygen vacancies by either mechanism (( 1.6:19 ) or 
(1.6:20)). Once this is fixed, the electron density controls the intrinsic oxygen fugacity 
of the crystal. When the same crystal is then annealed in a diffusion experiment, the 
electron density at the crystal-atmosphere interface should rapidly equilibrate with 
the value set by the externally-buffered oxygen fugacity, which establishes a steep 
electronic gradient in the crystal between the interface and the intrinsic values.  
The diffusion of electrons in olivine can potentially be extremely fast; 
measurements of hydrogen diffusion in Fe-bearing olivine, charge-balanced by 
reduction of Fe3+ to Fe2+ (i.e. diffusion-in of electrons) give diffusion coefficients of 
logD= >-9 m2s-1 at 1400 °C, assuming the data of Mackwell and Kohlstedt (1990) 
may be extrapolated to high temperatures. Electrical conductivity measurements 
suggest that the actual mobility of electrons may be considerably faster in H-bearing 
olivine (e.g. Wang et al, 2006).  
However, electron mobility is retarded by the necessity for charge balance; in 
a system with no aliovalent impurities where ( 1.6:19 ) or (1.6:20) describes the O-
deficient defect, the equilibration of a crystal with an externally-imposed fO2 that is 
higher (more oxidising) than the intrinsic fO2 would require some reorganisation of 
local point defects in the anionic sublattice - oxygen vacancies and electrons would 
need to diffuse out together. 
When trivalent chromium is added, however, a pathway for electron mobility 
is created. Electrons may jump onto a Cr3+ ion, reducing it: 
 
€ 
CrMg• + e− = CrMg×  (	  1.6:21	  )	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The electrons are then able to diffuse out of the forsterite crystal by jumping 
from Cr2+ to adjacent Cr3+. The Cr2+/ΣCr curves therefore track diffusion-out of 
electrons via the Cr pathway. However, the Cr2+/ΣCr against distance curves at high 
fO2 do not show the classical diffusion-out shape; they are concave-up rather than 
convex-up, suggesting that the diffusion-out is not concentration-independent.  This 
makes intuitive sense; higher concentrations of Cr give a greater probability for 
electrons to jump from Cr2+ to Cr3+ as they diffuse out.  
Notably, the magnitude of this reduction is very small; the maximum 
concentration of Cr2+ derived from reduction of Cr3+ in the most oxidised experiment 
is not more than around 50 ppm.  
In the experiment conducted at (very low) fO2 corresponding to the C-CO 
equilibrium, no oxidation of Cr2+ is apparent. Potentially, by removing all Cr3+ from 
the system, it is no longer possible for the intrinsic electron density of the crystal to 
equilibrate with the external fO2; no reaction such as ( 1.6:21 ) can occur.  
In San Carlos olivine, the situation is considerably simpler. Cr2+/ΣCr does not 
change along the length of the diffusion profile. This suggests that no electronic 
gradient exists within the crystal; it has fully equilibrated with the external fO2. 
Electrons should rapidly diffuse into or out of the crystal, presumably coupled with 
counter-flux of octahedral-site vacancies (in order to maintain charge balance), and 
should fully equilibrate the whole crystal within a few minutes at 1400 °C. In this 
case Mg vacancy diffusion, although extremely fast (e.g. Demouchy and Mackwell, 
2003), is the rate-limiting step of electronic diffusion (in the anhydrous system). 
Therefore, the presence of a redox-variable major element eliminates the potential for 
retention of an intrinsic oxygen fugacity in olivine; electronic gradients are rapidly 
eliminated by fast diffusion. 
 
1.6.4.2.2 Diffusion of trivalent chromium-vacancy complexes  
The shape of the concentration-distance curve for Cr3+ in protoenstatite-
buffered experiments changes from a concave-up (near error-function) shape at high 
fO2 (air) to a near-linear concentration decrease towards background values at low 
(10-11.1 bars) fO2. This is mirrored by the total Cr diffusion profiles, hence we assume 
that Cr2+ follows the diffusion of Cr3+; Cr2+ exploits the vacancies created by Cr3+. At 
high fO2, the associated Cr2+ profiles are humped; they show a concentration increase 
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then decrease moving away from the interface (albeit at very low concentrations), but 
terminate at the same point as the Cr3+ profiles. At more reducing conditions, the Cr2+ 
profiles show a linear concentration decrease but at considerably higher 
concentrations than the Cr3+. 
As discussed above, the most likely Cr3+ substitution mechanism in pure 
forsterite at high aSiO2 is vacancy-associated, i.e. 
€ 
Cr4 / 33+ [vac]2 / 3SiO4 . The potential for 
a Tschermak’s-type MgCr3+Al3+O4 substitution exists, but alumina contamination is 
on the order of 5-15 ppm, considerably lower than Cr concentration (1000-1300 ppm 
at the interface), so this is negligible. The diffusivity of Cr3+ must therefore be 
described as the diffusivity of both the Cr3+ and vacancy, which must also include the 
degree to which the trivalent cations and vacancies are bound; the ‘binding energy’.  
As described qualitatively for diffusion of Sc3+ (Chapter 1.4), where the cation 
and vacancy are strongly bound, the probability of the vacancy exchanging position 
with the diffusing cation is high. As a result, the mobility of the Cr3+ is increased, but 
that of the vacancy is substantially decreased; it is effectively tied to the Cr3+. In this 
case, an increased concentration of Cr does not affect the overall effective (i.e. free to 
move) concentration of metal vacancies, therefore should have little to no effect on 
diffusion of other M-site cations. Where the cation and vacancy are only loosely 
associated, the vacancy is relatively free to move. This leads to a decreased 
probability of the charge-balanced Cr3+ exchanging positions with a vacancy, but 
increases the probability of other cations (including other Cr3+ ions) in the system 
swapping with the vacancy. As such, the effective vacancy concentration becomes a 
function of the Cr3+ content, hence a concentration-dependent diffusion regime is 
established. This affects the shape of the diffusion profiles; concentration-independent 
diffusion yields an error-function shape, whereas concentration-dependent diffusion 
profiles tend away from the error function towards linear profiles depending on the 
degree of concentration dependence.  
The Cr3+ profiles have been fitted to a relationship that describes these 
variables ( 1.6:22 ); a modified version of the derivation of Van Orman et al. (2009). 
This relationship gives the diffusivity of the trivalent cation at each discrete point 
along the profile: 
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Where 
€ 
DM3+  is the diffusion coefficient of the diffusing trivalent cation at given 
concentration and D2 is the diffusion coefficient of the cation-vacancy pair. The 
concentration of trivalent chromium is included as 
€ 
XM3+ , the mole fraction of Cr3+ on 
M sites. It was also necessary to assume a background trivalent concentration in the 
forsterite on the order of 7 ppm in order to fit profiles. 
The term K2 is defined by ( 1.6:23 ): 
 
€ 
K2 = Z2exp
−G2
RT
# 
$ 
% 
& 
' 
(  
(	  1.6:23	  )	  
 
Where Z2 is the number of nearest neighbour M sites and G2 is the cation-vacancy 
binding energy. The relationship was originally derived for periclase with a relatively 
simple cubic (fcc) structure where each M-site cation has 12 nearest neighbours, 
rather than the more complex hexagonal olivine (hcp) structure where M1 site cations 
have 4 nearest neighbours and 8 second-nearest neighbours.  Only nearest neighbours 
are taken into account for simplicity. Taking the second nearest neighbours into 
account would change the absolute binding energies, but not the relative differences 
between them. 
The diffusion coefficients for each Cr3+ concentration were then fitted 
iteratively to the Boltzmann-Matano equation ( 1.6:24 ) following the method of Van 
Orman et al. (2009). 
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The diffusion coefficients of the Cr3+-vacancy pair, along with the binding energies, 
are presented in Table 1.6.1 and Figure 1.6.14. To the first order, the energy of 
binding is strongest at high fO2, and decreases with fO2, which is consistent with the 
change in diffusion profile shapes (near error-function at high fO2 and near linear at 
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low fO2). The diffusivity of the Cr3+-vacancy pair is nearly constant above log fO2 of -
8, and increases sharply at lower fO2. 
 
 
Figure	  1.6:14:	  Cr3+	  diffusion	  ([001])	  coefficients	  and	  binding	  energy	  as	  a	  function	  of	  fO2	  using	  the	  
model	  described	  in	  text.	  Strongly	  bound	  Cr3+-­‐vacancy	  associations	  lead	  to	  profiles	  with	  a	  near	  error-­‐
function	  shape,	  whereas	  weakly	  bound	  pairs	  give	  profiles	  with	  near	  linear	  concentration	  decreases.	  
This	  model	  does	  not	  take	  into	  account	  the	  possibility	  of	  exchange	  between	  Cr3+	  and	  Cr2+.	  
	  
Regardless of mechanisms, the data shows that the vacancies are never fully 
bound to the trivalent chromium. This eliminates the possibility of determining the 
diffusivity of Cr2+ in this system when magnesiochromite is present in the buffer; the 
divalent chromium is diffusing through a matrix where the ‘effective’ vacancy 
concentration decreases away from the crystal edge. Only the most reduced 
experiment, CODE13, where no Cr3+ is present, gives any real information regarding 
Cr2+ diffusion. Taking all experiments together, Cr2+ is slower than Cr3+, but this may 
not be the case in natural systems. As Cr3+ diffusion is dependent on the concentration 
of the diffusant, where only trace amounts of Cr3+ are present the diffusivity will be 
slower. Therefore, there will be a threshold concentration of Cr3+ below which Cr2+ 
diffuses more rapidly; this may be a function of both bulk Cr in the system and 
temperature.  
 
1.6.4.2.3 Diffusion in periclase-buffered experiments 
 The diffusion of Cr under periclase-buffered conditions (very low silica 
activity) is considerably slower than when protoenstatite is present in the buffering 
plase. On the first order, the presence of periclase gives magnesia activity near one, 
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which makes the production of M-site vacancies highly unfavourable and hence slows 
the diffusion of cations with octahedral preference.   
The short length of the diffusion profiles and low Cr solubility make 
determining the interface Cr2+/ΣCr problematic; spectra are taken ~10 µm from the 
crystal-buffer interface, but on a <100 µm profile this point is likely to show 
considerably different characteristics to the true interface.  
Therefore, with the current data the diffusion of Cr2+ and Cr3+ can only be 
qualitatively analysed, and only for three experiments where sufficient data is 
available. XANES spectra and deconvolved Cr2+ and Cr3+ diffusion profiles from the 
most oxidised experiment analysed (CODE14, log fO2=-4.6) are shown in Figure 
1.6.15. The behaviour of the diffusing chromium is considerably different from the 
protoenstatite-buffered experiment at the same conditions. Rather than Cr2+/ΣCr 
increasing from rim to core, the ratio-distance curve is humped (Figure 1.6.15 inset), 
leading to a humped Cr2+ profile and a near error-function Cr3+ profile. This suggests 
that in these experiments the Cr2+/ΣCr ratio is not approaching an intrinsic oxygen 
fugacity, as suggested above; the core is more oxidised than the rim.  
 
 
Figure	  1.6.15:	  Change	  in	  XANES	  spectra	  moving	  from	  the	  interface	  to	  interior	  of	  a	  periclase-­‐buffered	  
diffusion	  profile	  (left).	  Unlike	  in	  the	  protoenstatite-­‐buffered	  experiment	  at	  the	  same	  log	  fO2	  (-­‐4.6),	  the	  
edge	  moves	  to	  lower	  energy	  then	  to	  higher	  energy	  as	  the	  analysis	  steps	  into	  the	  crystal.	  This	  gives	  the	  
humped	  Cr2+/ΣCr	  profile	  seen	  in	  the	  inset	  (right).	  The	  spectra	  are	  fit	  to	  a	  linear	  combination	  of	  the	  87	  
μm	  spectrum	  (assuming	  pure	  Cr3+)	  from	  this	  experiment	  and	  the	  Cr2+	  standard	  spectrum	  used	  for	  
fitting	  protoenstatite-­‐buffered	  experiments.	  Also	  shown	  are	  the	  Cr,	  Cr2+	  and	  Cr3+	  concentrations	  along	  
the	  profile,	  using	  the	  same	  symbols	  as	  in	  Figure	  1.6.11.	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1.6.4.2.4 Diffusive anisotropy 
The anisotropy in this system is considerable, diffusive penetration (total Cr) 
measured along [001] is ~90x greater than that along [100] in the highest fO2 
experiment. This anisotropy decreases considerably as fO2 decreases. The change in 
anisotropy (Figure 1.6.7) shows an approximately sigmoidal shape, and although the 
errors are too great to consider any meaningful fit to equation ( 1.6:18 ), the most 
likely explanation is that the anisotropy change relates to a Cr valence state change.  
The ionic radii of Cr2+ and Cr3+ are appreciably different (0.8 [high spin] cf 0.63Å) 
that they tend to substitute onto different crystallographic sites in olivine. Cr2+ is too 
big to substitute predominantly into the M1 sites but can readily replace Mg on M2, 
whereas Cr3+ is the appropriate size to substitute predominantly on M1 (Papike et al., 
2005). The M1 sites form chains with closely spaced Mg2+ ions (2.977A) along [001], 
whereas the distance between M1 sites along [100] and [010] are 2-3x greater (see 
similar discussion with regards to Be2+ diffusion in Chapter 1.3). Therefore, the 
activation energy for diffusive jumps along [001] is expected to be considerably less 
than that along the other two axes where the cation is located predominantly on M1 
(i.e. Cr3+).  
Spacing between the M2 sites is approximately equal along all three principal 
axes, between 4.86-5.94Å. Therefore, it is expected that the diffusive anisotropy of 
M2 cations should be less than that of those substituting on M1 – this is likely why Ca 
shows no appreciable anisotropy – it orders strongly onto M2 (Coogan et al, 2005, 
Spandler and O’Neill, 2010). Cr2+ diffusion is somewhere between these two end 
members in terms of anisotropy – it shows lesser anisotropy than Cr3+ but more than 
Fe-Mg (e.g. Dohmen et al, 2007), suggesting it orders onto both M1 and M2.  
The decrease in anisotropy as fO2 decreases is, to the first order at least, a 
function of increasing Cr2+/ΣCr.  
 
1.6.4.2.5 Comparisons with other studies  
Cr diffusion in pure forsterite has not been previously studied, but studies of 
experimentally produced Cr diffusion in natural olivine (Ito and Ganguly, 2006; 
Spandler and O’Neill, 2010) exist.  
The most thorough study, by Ito and Ganguly (2006), determined the rate of 
Cr diffusion in natural olivine by depositing a thin layer of Cr (by thermal 
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evaporation) on top of polished, oriented San Carlos olivine. These were then 
annealed at 900-1100 °C in gas mixes generally equivalent to the iron-wustite 
equilibria (O’Neill, 1987), to give diffusion profiles in the hundreds of nanometres 
range that were analysed using SIMS depth profiling.  
At their experimental conditions, the chromium metal would be expected to 
oxidise near instantaneously to Cr2O3, which is then available to react with the 
olivine. At oxygen fugacity corresponding to the iron-wustite equilibria (-9.6 at 1400 
°C), the majority of chromium is expected to be divalent (see Figure 1.6.9), although 
experimental data is not available at their temperatures. If the chromium 
concentration is low enough that it can dissolve directly into the olivine forming 
€ 
Cr22+SiO4 , reaction ( 1.6:25 ) is expected: 
 
€ 
(Mg,Fe)2SiO4 +Cr23+O3 = Cr22+SiO4 + 2(Mg,Fe)O + 12 O2            ol                                                       ol 
(	  1.6:25	  )	  	  
  
Conversely, if the chromium content is higher than the saturation limit, the surface 
layers of olivine will react with the oxide to form chromite and orthopyroxene: 
 
€ 
(Mg,Fe)2SiO4 +Cr23+O3 = (Mg,Fe)Cr23+O4 + 12 (Mg,Fe)2Si2O6           ol                                                            ol                                          opx 
	  (1.6:26	  )	  
  
Reaction ( 1.6:25 ) liberates magnesiowustite whereas ( 1.6:26 ) produces 
orthopyroxene, effectively buffering the system at either low or high silica activity, 
respectively. Trivalent chromium shows the same relationships, where 
€ 
Cr4/33+[vac]2/3SiO4  would be produced instead of 
€ 
Cr22+SiO4 .  
Extrapolating the Arrhenius curve of Ito and Ganguly (2006) to 1400 °C gives 
a diffusion coefficient of logD=-16.0(±1.1) m2s-1, within error of the pure Cr2+ 
diffusion determined in this study under low aSiO2 (logD=-16.06(±0.05) m2s-1), thus 
it is assumed that their experiments were unintentionally buffered in the periclase 
field, i.e. reaction ( 1.6:25 ) was occurring.  
Therefore, the diffusivity determined by Ito and Ganguly (2006) may only be 
valid for olivines in natural systems with very low silica activity. This has 
implications for their determinations of the closure temperature of the Mn-Cr decay 
scheme – it may be that their determinations were valid, but only for certain chemical 
activity conditions. 
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Alternatively, the Ito and Ganguly (2006) study was buffered at high silica 
activity, but there is a kink in the Arrhenius plot between 1100 °C (the highest 
temperature of Ito and Ganguly (2006)) and 1400 °C (this study). Unfortunately, 
without full buffering of chemical activities in the previous study, it is not possible to 
determine which of the experiments in this study their experiments should be 
compared to. 
Spandler and O'Neill (2010) presented the diffusion of Cr (along with a 
cacophony of other elements) in San Carlos olivine at only one condition; 1300 °C, 1 
atm and fO2 slightly below QFM. The Cr source was a melt of approximately basaltic 
composition (i.e. aSiO2 near to opx-saturated). The reaction constant (the position of 
the sigmoid in fO2 – Cr2+/ΣCr space) for the reaction between divalent and trivalent 
chromium is not known for a melt of the composition used by Spandler and O’Neill 
(2010), but assuming it is similar to the Fe-free counterpart AD+Fo (Berry et al., 
2006), at the conditions of their experiment the chromium should be approximately 
half divalent. Assuming that the activation energy for Cr diffusion is the same as that 
given by Ito and Ganguly (2006), the diffusivity of Spandler and O’Neill (2010) at 
1400 °C should be 10-14 m2s-1 - two orders of magnitude faster than the rate given by 
Ito and Ganguly (2006). The Spandler and O’Neill (2010) experiments were so 
compositionally complex that it is impossible to determine exactly which charge 
balance, and hence diffusion, mechanism was responsible for the high Cr mobility. 
They also found no concentration-dependence of diffusion; this is unsurprising; 
various charge balancing mechanisms could exist that preclude the necessity for 
substituting vacancies along with trivalent chromium (e.g. Cr3+LiSiO4, MgCr3+BO4, 
MgCr3+AlO4, etc).  
The recent work of Tollan et al. (2015) described Cr diffusion relative to Ca in 
a suite of natural xenocrysts, and found similar relative rates to Spandler and O’Neill 
(2010) and consistently Cr diffusion followed the error function. They also noted a 
correlation between hydroxyl (‘water’) and chromium, suggesting a 
€ 
Cr3+H+SiO4
substitution may be a potential mechanism for charge balance in many natural 
systems; the vacancy mechanism may only occur when water is absent.   
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1.6.5 Summary 
 
• The diffusion of elements with multiple valence states cannot be described using 
a single diffusion coefficient or diffusion mechanism when working in the fO2 
region where a valence transition occurs. Nor can they be quantitatively 
described using a technique that only measures total concentration of the element 
without consideration of valence state. 
• Cr3+ shows concentration-dependent diffusion in the pure system. Hence, results 
from experiments conducted at high Cr concentrations (i.e. this study) cannot be 
simply extrapolated into natural systems. 
• The very near interface region of diffusion experiments can be used to determine 
equilibrium conditions where synthesis experiments are not possible, or are more 
difficult. 
• The assumption of equilibrium at the interface must be satisfied in diffusion 
experiments. If it cannot be, explanations should be provided as to why not. 
• The previous determination of Cr diffusivity appears to have been unintentionally 
conducted in periclase-buffered conditions. Therefore, these diffusion data may 
not be applicable for determining Mn-Cr closure temperatures. 
• Substitution mechanisms may change as a function of chemical activities.  
• Pure forsterite appears to be able to retain an intrinsic oxygen fugacity (i.e. 
electron density) from its growth conditions, whereas natural olivine, with 
considerable redox variability in the lattice from the Fe content, cannot. 
• Cr valence states do not become fractionated by diffusion in natural olivines, 
hence Cr2+/ΣCr in olivines can be used as an oxybarometer, even if some of Cr is 
lost by diffusive processes. 
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Experimental	  parameters	   Interface	  measurements	   Cr	  diffusion	   Diffusion,	  Cr3+,	  [001]	  
ID	   Target	   Buffer	   log	  fO2	  
(absolute)	  
t	  (s)	   t	  (d)	   Cr	  ppm	   *Cr2+/ΣCr	   *Cr3+	   *Cr2+	   Advancing	  velocity	  (m2s-­‐1)	   logD	  pair	   Binding	  
en.	  (kJmol-­‐1)	  [001]	   [010]	   [100]	  
CODE2	   Fo100	   fo-­‐per-­‐mcr	   -­‐0.7	   766200	   8.9	   39	  (7)	   N.D.	   -­‐13.85	  (0.03)	   -­‐15.61	  (0.08)	   -­‐15.97	  (0.16)	   N.D.	  
CODE4	   Fo100	   fo-­‐prEn-­‐mcr	   -­‐0.7	   1016760	   11.8	   1141	  (80)	   0.02	  (0.001)	   1045	  (39)	   22	  (5)	   -­‐12.69	  (0.01)	   -­‐14.26	  (0.03)	   -­‐14.67	  (0.02)	   -­‐13.29	  (0.03)	   -­‐81.5	  (3)	  
CODE11	   Fo100	   fo-­‐per-­‐mcr	   	  
-­‐3.1	  
	   	  
961200	  
11.1	   50	  (2)	   N.D.	   -­‐13.93	  (0.06)	   -­‐15.68	  (0.11)	   -­‐16.00	  (0.04)	   N.D.	  
	   fo-­‐prEn-­‐mcr	   1200	  (30)	   0.05	  (0.008)	   1191	  (53)	   63	  (12)	   -­‐12.66	  (0.01)	   -­‐14.10	  (0.02)	   -­‐14.57	  (0.02)	   -­‐13.29	  (0.01)	   -­‐81.1	  (1.5)	  
CODE14	   Fo100	   fo-­‐per-­‐mcr	   	  
-­‐4.6	   608400	  
7.0	   60	  (4)	   N.D.	   -­‐13.94	  (0.04)	   N.D.	   N.D.	   N.D.	  
	   fo-­‐prEn-­‐mcr	   1380	  (20)	   0.21	  (0.026)	   1018	  (62)	   280	  (44)	   -­‐12.63	  (0.01)	   N.D.	   N.D.	   -­‐13.23	  (0.03)	   -­‐77.2	  (2.8)	  
CODE10	   Fo100	   fo-­‐per-­‐mcr	   	  
-­‐5.8	  
	  
1102320	  
12.8	   80	  (10)	   N.D.	   -­‐13.96	  (0.06)	   -­‐15.46	  (0.02)	   -­‐15.92	  (0.09)	   N.D.	  
	   fo-­‐prEn-­‐mcr	   1690	  (50)	   0.34	  (0.013)	   1075	  (54)	   546	  (38)	   -­‐12.67	  (0.01)	   -­‐13.90	  (0.01)	   -­‐14.20	  (0.02)	   -­‐13.24	  (0.02)	   -­‐77.3	  (1.5)	  
CODE6	   Fo100	   fo-­‐per-­‐mcr	   	  
-­‐7.6	  
	  
856800	  
9.9	   150	  (20)	   N.D.	   -­‐14.41	  (0.02)	   -­‐15.18	  (0.07)	   	   N.D.	  
	   fo-­‐prEn-­‐mcr	   2960	  (50)	   0.48	  (0.015)	   1452	  (104)	   1333	  (99)	   -­‐12.88	  (0.01)	   -­‐13.99	  (0.01)	   -­‐14.30	  (0.02)	   -­‐13.23	  (0.10)	   -­‐59.3	  (6.6)	  
CODE5	   Fo100	   fo-­‐per-­‐mcr	   	  
-­‐9.6	  
	  
828000	  
9.6	   360	  (30)	   N.D.	   -­‐13.95	  (0.01)	   -­‐15.07	  (0.09)	   -­‐15.37	  (0.09)	   N.D.	  
	   fo-­‐prEn-­‐mcr	   6290	  (300)	   0.81	  (0.012)	   1121	  (106)	   4768	  (230)	   -­‐12.63	  (0.01)	   -­‐13.56	  (0.02)	   -­‐13.85	  (0.02)	   -­‐12.79	  (0.13)	   -­‐52.3	  (5.5)	  
CODE3	   Fo100	   fo-­‐per-­‐mcr	   	  
-­‐11.1	  
	  
1876740	  
21.7	   680	  (80)	   N.D.	   -­‐13.83	  (0.02)	   -­‐15.02	  (0.03)	   -­‐15.0	  (0.3)	   N.D.	  
	   fo-­‐prEn-­‐mcr	   11350	  (540)	   0.88	  (0.011)	   1219	  (140)	   9142	  (334)	   -­‐12.48	  (0.01)	   -­‐13.50	  (0.01)	   -­‐13.78	  (0.01)	   -­‐12.89	  (0.04)	   -­‐62.3	  (2.5)	  
iCODE1	   fo90	   ol-­‐fpr-­‐sp	   	  
-­‐6.7	  
	  
745200	  
8.6	   220	  (80)	   N.D.	   -­‐14.3	  (0.1)	  ^	   N.D.	   N.D.	   N.D.	  
	   ol-­‐opx-­‐sp	   1880	  (50)	   N.D.§	   -­‐12.23	  (0.02)	   -­‐13.39	  (0.07)	   -­‐13.55	  (0.06)	   -­‐12.50	  (0.37)	   -­‐43.5	  (11)	  
	  
	  
ID	  
	  
Target	  
	  
Buffer	  
	  
log	  fO2	  
	  
t	  (s)	  
	  
t	  (d)	  
Interface	  measurements	   Cr	  diffusion	  
Cr	  ppm	   Cr2+/ΣCr	   Cr3+	   Cr2+	   Cr2+	  	  logD	  (m2s-­‐1)	  
[001]	   [010]	   [100]	  
CODE13	   Fo100	   fo-­‐per-­‐Cr3C2-­‐C	   -­‐16.1	   864000	   10	   	   	   	   	   -­‐16.06	  (0.05)	   -­‐16.95	  (0.07)	   -­‐17.42	  (0.17)	  
fo-­‐prEn-­‐Cr3C2-­‐C	   2120	  (190)	   0.99	  (0.01)	   	   	   -­‐14.71	  (0.05)	   -­‐15.67	  (0.04)	   -­‐15.92	  (0.05)	  
	  
Table	  1.6.1:	  Top)	  Summary	  of	  Cr	  diffusion	  and	  concentration	  data	  obtained	  by	  both	  LA-­‐ICP-­‐MS	  and	  XANES,	  along	  with	  experimental	  parameters.	  The	  interface	  Cr	  
concentration	  is	  determined	  from	  LA-­‐ICP-­‐MS	  data	  by	  the	  point	  at	  which	  Cr	  concentration	  rises	  rapidly	  and	  Si	  counts	  drop.	  The	  value	  and	  error	  are	  the	  average	  and	  standard	  
deviation	  of	  interface	  measurements	  from	  at	  least	  five	  separate	  LA-­‐ICP-­‐MS	  scans.	  The	  ‘interface’	  ratios	  determined	  by	  XANES	  (marked	  with	  *)	  are	  5-­‐10	  µm	  away	  from	  the	  
true	  interface,	  hence	  the	  Cr	  concentrations	  are	  slightly	  different	  to	  the	  ‘true’	  interface	  concentrations	  (generally	  lower).	  Cr	  advancing	  velocity	  (D*)	  	  has	  been	  determined	  
for	  all	  experiments	  where	  the	  Cr	  concentration	  does	  not	  asymptotically	  approach	  the	  background,	  i.e.	  all	  but	  the	  error	  function-­‐	  shaped	  profiles	  (all	  except	  iCODE1,	  ol-­‐fpr-­‐
sp,	  marked	  ^	  -­‐	  this	  is	  a	  true	  D).	  	  Determination	  of	  Cr3+	  diffusion,	  as	  cation-­‐vacancy	  pairs,	  is	  discussed	  in	  text.	  §	  =	  spectral	  contamination	  at	  interface.	  Bottom)	  Cr2+	  diffusion	  
(one	  dimensional,	  concentration-­‐independent)	  determined	  in	  the	  lowest	  fO2	  experiment,	  where	  Cr
3+	  contamination	  is	  nearly	  zero.	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1.7 Multiple valence states and multiple site occupancies: Ti3+ and 
Ti4+ diffusion in olivine. 
 
A modified version of this chapter has been resubmitted, post-review, to the Journal 
of Petrology as: Jollands, M. C., Hermann, J., O'Neill, H. St.C.,  
Spandler, C, Padrón-Navarta, J. A., Diffusion of Ti and some divalent cations in 
olivine as a function of temperature, oxygen fugacity, chemical potentials and crystal 
orientation.  
 
Abstract  
The diffusion of titanium along with Ni, Co and Mn, in pure synthetic 
forsterite, has been comprehensively studied as a function of temperature, oxygen 
fugacity, crystallographic orientation and chemical potentials in a simple four 
component (Mg-Si-Ti-O) system. A new experimental design for hydroxylating point 
defects in single crystals is also presented. In over 100 different experimental 
conditions, no classical ‘error-function’ shaped Ti diffusion profiles were observed. 
Instead, the profiles vary between ‘stepped’ at high fO2 (due to diffusion on 
octahedral sites and trapping in tetrahedral sites) and near-linear at low fO2, (due to 
concentration-dependent diffusion) with systematic variations between the end-
members. These profile shapes are also reproduced in experiments using natural (San 
Carlos) olivine. The change in profile shape is interpreted to be a function of valence-
state change from Ti4+ to Ti3+, shown both by sigmoidal fO2-diffusivity relationships 
and by the characteristic infrared spectra of a hydroxylated diffusion profile. This 
transition occurs at considerably higher fO2 in these diffusion experiments than in 
equilibrium experiments in similar systems. This suggests Ti3+ may be present in 
many terrestrial systems, albeit below detection limits of currently-available 
analytical methods.   
 Titanium diffusion is fastest along [001], at high activity of silica, low oxygen 
fugacity and high temperature. The rate of Ti diffusion is broadly similar to Mn, Ni 
and Co, and closer to published rates of Mg-self diffusion in olivine than Si self-
diffusion. The observed Ti3+ and Ti4+ diffusion occurs on the M-sites. The assumption 
that highly-charged cations diffuse orders of magnitude more slowly than divalent and 
monovalent cations is not satisfactory in this case. Closure temperatures determined 
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by observing a slow diffusion mechanism with high solubility (e.g. Ti on the 
thermodynamically more-stable T-site) will not be valid in many settings, they do not 
account for leakage onto thermodynamically-less favourable sites with faster 
diffusion (Ti on the M-sites) followed by rapid diffusive loss.  
 From statistical examination of the large Mn, Ni and Co diffusivity dataset, we 
determine that there is a 102/3 dependence of diffusion on aSiO2; the cations diffuse 
more rapidly at high aSiO2. In addition, diffusivity has a 10-1/8 dependence on aSiO2 ; 
suggested to be due to increased concentration of loosely bound Ti3+-vacancy pairs, 
which enhance the mobility of other cations. This behaviour is likely to be present in 
natural systems where trivalent (e.g. Fe3+, Cr3+) and divalent cations diffuse together; 
consideration must be given to diffusive interference by highly-charged, fast-moving 
cations when extracting timescales from frozen diffusion profiles.  The implication of 
this is that diffusion coefficients determined from simple system experiments may be 
of limited use in natural systems.  
 
1.7.1 Introduction 
In the previous chapters, we have moved from relative simplicity to 
complexity. The first chapter showed that aSiO2 had to be constrained in diffusion 
experiments, as it had a considerable effect on the rate of diffusion. Then, this 
consideration was extended into the study of trace element diffusion, by showing that 
the interface concentration of Be2+ varied with the aSiO2 of the system. Then, the 
concentration of the diffusant was considered (Sc3+), and then it was shown that 
aSiO2 may affect the diffusion rate as well as interface concentrations of a trace 
element (using Zr4+ and Hf4+ as examples). The previous chapter added another 
degree of complexity by considering an element with multiple valence states – Cr, 
showing that fO2 must be constrained for a fully buffered system in such experiments. 
In the previous chapter, the system was still relatively simple given that both Cr2+ and 
Cr3+ substituted octahedrally in the olivine structure, such that valence changes from 
Cr3+ to Cr2+ required only electron transfer and not changes in coordination 
environment. In this chapter, we add the final degree of complexity that will be 
considered in this section, by studying the diffusion of Ti - an element which is able 
to exist both in two valence states and two coordination environments in olivine.  
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Titanium has the ability to substitute in both four-fold and six-fold 
coordination in olivine, i.e. for silicon or magnesium, respectively (Berry et al., 2007; 
Hermann et al., 2005). Ti4+ substituting directly for Si4+ is the main high temperature 
equilibrium substitution mechanism under anhydrous conditions. Therefore, diffusion 
on this site should allow this defect to propagate at around the same rate as, and 
therefore help elucidate (if it can be measured) the rate of Si self-diffusion, generally 
agreed to be very slow (e.g. Bejina et al., 1999; Costa and Chakraborty, 2008; 
Dohmen et al., 2002b; Fei et al., 2012, 2013; Houlier et al., 1990). When substituting 
octahedrally (for Mg or Fe) as either Ti3+ or Ti4+, a charge-balancing agent must be 
involved. The substitution of Ti4+ for Mg2+ in natural samples may be charge-
balanced by 2 protons (2H+) replacing Si4+, creating the titano-clinohumite type defect 
(Berry et al., 2005; Berry et al., 2007; Walker et al., 2007). This may be an important 
site for water storage in mantle olivines (e.g. Berry et al., 2005). In the anhydrous 
setting, Ti in either valence state may replace Mg2+ and be balanced by accompanying 
vacancies on an adjacent metal site. The transition from predominantly Ti4+ to Ti3+ is 
expected to occur at very reducing conditions, around QFM -4 to -6 (Mallmann and 
O'Neill, 2009). In natural systems other charge-balancing agents may be involved; 
these include but are not limited to Na+, Li+, Al3+, Fe3+. 
 Relatively few studies have examined rates and mechanism of Ti diffusion in 
olivine. Spandler et al. (2007) and Spandler and O’Neill (2010) measured element 
diffusion profiles between natural olivine and silicate melt at 1300 ºC and 1 bar using 
the scanning LA-ICP-MS technique, and found Ti diffusion to be anisotropic and to 
diffuse at approximately comparable rates to Fe and Mg. By contrast, Cherniak and 
Liang (2014) calculated Ti diffusivities in forsterite and natural olivine to be around 3 
orders of magnitude slower, based on tens of nanometre-scale profiles measured by 
RBS. These authors also found no appreciable effect of fO2 or crystal orientation on 
diffusivity. The vast discrepancies between these studies is not simply explained. 
Burgess and Cooper (2013) suggested that extended planar defects associated with Ti 
near the surface of olivines may explain the relatively fast diffusion rates reported by 
Spandler et al. (2007) and Spandler and O’Neill (2010), but this explanation is at odds 
with the relatively low Ti concentrations in olivine and long diffusion profiles (100s 
of micrometres) in the experiments of Spandler and O’Neill (2010). Rather, such 
defects on olivine surfaces are much more likely to influence the experiments of 
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Cherniak and Liang (2014) that involved high TiO2 activities (see below) and 
measurement of nanometre length-scale profiles.   
 A limitation of the existing experiment data on Ti diffusion in olivine is that 
the effects of the parameters shown to be important in previous chapters (chemical 
activity, orientation, fO2 and temperature) have not been comprehensively studied 
together. In this study, we examine Ti diffusion in forsterite and San Carlos (~fo90) 
olivine over a large range of fO2 conditions and temperatures under conditions where 
the chemical activities of the major components are buffered. In our experiments we 
use the minimum number of components, that is, MgO and SiO2 to give the forsterite 
Mg2SiO4, and TiO2 to act as a diffusant source. Small quantities of divalent dopants; 
Mn, Ni and Co, are added to determine if Ti diffusion affects other cations, i.e. if local 
defects created by Ti may be exploited by other cations. By fully controlling the 
chemical potentials of components it is possible to determine which substitution point 
defect mechanisms dominate in the diffusion experiments, as demonstrated in 
previous chapters. In addition, by varying the oxygen fugacity, the change in 
solubility mechanism as a function of the potential valence change between Ti4+ and 
Ti3+ may also be investigated. This is also facilitated by the experimental and 
analytical methods outlined in this thesis, which allows large datasets to be rapidly 
collated; in this study over 100 different conditions were investigated and around 600 
LA-ICP-MS traverses conducted (~500,000 data points).  
 
 
Figure	  1.7.1:	  MgO-­‐SiO2-­‐TiO2	  phase	  relations	  (assuming	  Ti
4+)	  from	  Macgregor	  (1969)	  and	  Massazza	  and	  
Sirchia,	  (1958).	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1.7.2 Methods 
The powder source method was used in this study. Experiments were 
conducted between 1300-1500 °C and over around 12 log units fO2, using one of four 
Ti-source buffers (forsterite-qandilite-periclase [fo-qan-per], forsterite-qandilite-
geikielite [fo-qan-gei], forsterite-geikielite-karooite [fo-gei-kar], forsterite-karooite-
protoenstatite) and three different principal orientations.  
All analyses were conducted using scanning LA-ICP-MS. Along with the 
usual suite of elements, 47Ti and 49Ti were counted for 0.2 s, 48Ti for 0.05s, along with 
61Ni (0.1 s), 55Mn (0.1 s) and 59Co (0.1 s).  
Preliminary experiments in San Carlos olivine were carried out using 
randomly oriented crystals, cut then polished using the same method as with the pure 
forsterite. Four different buffer assemblages were sintered, each containing an olivine 
phase of approximately fo90. These were, in order of increasing aSiO2, olivine-
ferropericlase-ulvospinel (ol-fpr-ulv), olivine-ulvospinel-ilmenite (ol-ulv-ilm), 
olivine-ilmenite-armalcolite (ol-ilm-arm) and olivine-armalcolite-orthopyroxene (ol-
arm-opx). [Qandilite, geikielite and karooite are the Mg end-members of ulvospinel, 
ilmenite and armalcolite, respectively]. These were sintered at QFM-1.5 at 1300°C for 
24 hours, then pulverized and pasted onto the crystal surface as with the forsterite 
experiments. The diffusion anneal was run for 30 days at the same conditions as the 
sinter.  
In addition, a Ti diffusion profile was “hydroxylated” to elucidate the point 
defect structure. This single experiment was the precursor for all of the experiments 
presented in Section 2 of this thesis. The method for this step is presented below, but 
it should be noted that the method was refined somewhat in the interim between 
conducting this experiment and those presented in Section Two. 
 
1.7.2.1 Hydroxylating diffusion profiles 
A single forsterite crystal showing a linear Ti diffusion profile (TODE5; fo-
kar-prEn) was “hydroxylated” in hydrous conditions at 850 °C in order to hydroxylate 
individual defects, thus allowing analysis by Fourier Transform InfraRed (FTIR) 
spectroscopy. The experiment was based on the concept of two stage high-
temperature annealing experiments from Bai and Kohlstedt (1993) using a simpler 
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experimental design that also allows large single crystals to be preserved without 
cracking. 
The crystal was packed inside the corresponding Ti source buffer with ~15 mg 
water inside a 6.3 mm outside diameter ‘cold-seal’ Ag capsule. The capsule design is 
described in Hack and Mavrogenes (2006). The setup is advantageous in that the 
thermocouple is directly inside the lid, thus reducing temperature gradients between 
the point of measurement and the temperature at the charge. The capsule was placed 
into an MgO-graphite-NaCl assembly, surrounded by Teflon foil, and placed into a 5/ 
8 inch pressure vessel in an end-loaded Boyd-type piston cylinder. The experimental 
design is depicted in Chapter 2.1. Temperature was controlled using a type B 
thermocouple held inside a mullite sleeve. The temperature was increased at 50 °C 
per minute to allow the large mass of silver to equilibrate during the ramp-up. Internal 
(piston) pressure was ramped up to run conditions over the same time scale as the 
temperature ramp-up; this is to prevent either over-pressurisation or leakage of liquid 
water from the capsule. No correction was made for the effect of pressure on 
thermocouple EMF.  
 The charge was held at 850 °C and 1.0 GPa for 48 h, then quenched by turning 
off the power. The capsule was then opened using a small hacksaw and the partially 
sintered material removed from the capsule, this was then ground to expose the 
crystal, which was doubly-polished using 6 µm diamond paste for FTIR analysis. 
 
1.7.2.2 FTIR analysis of hydrogenated diffusion profile 
Infrared spectra were obtained with a Bruker Tensor 27 spectrometer attached 
to a Bruker Hyperion microscope with a liquid nitrogen-cooled MCT detector. The 
sample was placed over a hole in a metal slide and the microscope optically focused 
on the centre of the sample in the vertical axis. The beam was narrowed with a 50x50 
µm aperture, and measurements were taken every 25 µm to give overlapping 
analyses; analysis positions were controlled using a mapping stage attached to the 
microscope. 
 The spectra were corrected for background then adsorbed water and CO2 
bands. The baseline was then subtracted using a concave rubberband method with 3 
iterations and 64 baseline points (all using Bruker OPUS software). 
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 Silica overtones (thickness) did not vary substantially across the scan, so no 
thickness correction was made. As this experiment was conducted only to determine 
the speciation of Ti in diffusion experiments, no attempt was made to quantify the 
total H2O content in the sample.  
 
1.7.3 Results 
1.7.3.1 Titanium 
1.7.3.1.1 Treatment of diffusion profiles 
As shown before in Chapters 1.4 (Sc) and 1.6 (Cr), a principal advantage of 
using scanning LA-ICP-MS to measure relatively long (100s of µm) diffusion profiles 
is that the shape of the profile can be very precisely determined (Figure 1.7.2).  The 
solution of Fick’s law for concentration-independent one-dimensional diffusion 
predicts a concentration-distance relationship that follows an error-function shaped 
curve (Crank, 1975). However, no such curves were observed for our Ti concentration 
profiles. Diffusion profiles were either ‘linear’ (Figure 1.7.2c), with a constant 
decrease between interface and background concentrations (as observed previously 
for Cr3+ and Sc3+), or were ‘double steps’ (Figure 1.7.2a), with an initial concentration 
decrease (from the interface), a plateau, and a second decrease to background values, 
or were intermediate between these end members (Figure 1.7.2b), with the plateau 
expressed as a shallow linear concentration decrease rather than a flat line. These 
profiles are not commonly reported in the literature, but where they are they are 
attributed to complex ion transport mechanisms involving multiple lattice sites and/or 
multiple ion valence states (e.g. Dohmen et al. 2010). 
As we cannot simply fit error-function curves to our diffusion profiles, we 
cannot calculate the diffusion coefficients (D) according to standard solutions to 
Fick’s law.  
For the purposes of this study, and in line with previous chapters, maximum 
diffusive penetration distance into the crystal is used in lieu of a diffusion coefficient. 
This is determined visually as the point along the diffusion profile where the Ti 
concentration first rises above the background crystal value (see Chapter 1.4). This 
approach is only permissible because the Ti concentration does not asymptotically 
approach the background value at the end of the diffusion profile (as it would if it 
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followed the error-function). This penetration value is converted to metres, squared 
and divided by time (s) to give m2s-1, and is notated D*, given as a log unit. The 
conversion of D* to D is discussed below where Ni, Co and Mn diffusion is compared 
to that of Ti (see Figure 1.7.11). Values of D* where available for each experimental 
condition are given in Table 1.7.2.  
 
 
 
Figure	  1.7.2:	  Examples	  of	  processed	  diffusion	  profiles.	  (a):	  ‘Double	  step’	  Ti	  diffusion	  profile,	  
characteristic	  of	  Ti	  diffusion	  at	  high	  fO2.	  (b):	  Linear	  diffusion	  profiles,	  shown	  by	  Ti	  at	  low	  fO2.	  
Anisotropy	  is	  also	  shown,	  with	  diffusion	  profiles	  from	  the	  same	  experiment	  along	  three	  crystal	  axes.	  
(c):	  Intermediate	  shape	  Ti	  diffusion	  profile,	  where	  the	  flat	  plateau	  is	  replaced	  by	  a	  linear	  decrease.	  (d):	  
Mn	  diffusion	  profile	  showing	  excellent	  agreement	  with	  the	  error	  function	  (e):	  Co	  diffusion	  profile	  
where	  the	  interface	  concentration	  has	  been	  depleted	  during	  the	  experiment;	  in	  this	  case	  the	  
theoretical	  curve	  is	  fit	  only	  to	  the	  diffusion-­‐in	  section.	  (f):	  High	  Fe	  contamination	  at	  high	  fO2	  leads	  to	  
Fe	  having	  a	  linear	  diffusion	  profile	  (concentration	  dependent)	  and	  the	  divalent	  cations	  mirroring	  the	  
profile	  at	  lower	  concentrations.	  These	  Mn,	  Ni	  and	  Co	  data	  are	  not	  considered	  when	  fitting	  the	  overall	  
D-­‐T-­‐	  fO2-­‐	  aSiO2	  relationships.	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1.7.3.1.2 Temperature 
Diffusion is faster at higher temperatures; a 100 °C temperature increase leads 
to 1-1.5 orders of magnitude faster diffusion (e.g, Figure 1.7.3, Table 1.7.2). When all 
other variables are fixed, the variation of logD* with inverse T is near linear, as 
expected for an Arrhenius process. Temperature is only one of the variables affecting 
diffusion in this case, the orientation must be taken into account, along with the aSiO2  
and fO2, which are themselves functions of temperature.  
 
  
Figure	  1.7.3:	  Relationship	  between	  inverse	  temperature	  and	  diffusive	  penetration	  for	  Ti,	  along	  [001],	  
at	  similar	  fO2	  conditions.	  Inset:	  Logarithm	  of	  aSiO2	  of	  the	  four	  buffering	  assemblages	  over	  the	  studied	  
temperatures	  (calculated	  using	  thermodynamic	  data	  from	  Hermann	  et	  al.	  (2005)	  and	  Holland	  and	  
Powell	  (2011).	  The	  convergence	  in	  Ti	  diffusivity	  at	  high	  temperatures	  between	  the	  two	  intermediate	  
buffers	  reflects	  the	  aSiO2	  convergence	  at	  the	  same	  conditions.	  
	  
1.7.3.1.3 Orientation effects 
Diffusion is anisotropic (Figure 1.7.2c, Figure 1.7.4), with diffusion along 
[001]>[010]>[100] (i.e. fastest down [001]). The change is around one logD* unit 
difference as a function of orientation, with regular, systematic variations (Figure 
1.7.4). There does not appear to be a resolvable effect of fO2 on diffusive anisotropy 
and orientation exerts no control over profile shape. 
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Figure	  1.7.4:	  Anisotropy	  of	  Ti	  diffusion	  as	  a	  function	  of	  crystallographic	  axis.	  Left:	  Example	  Arrhenius	  
plot	  showing	  Ti	  diffusive	  penetration	  as	  a	  function	  of	  temperature	  and	  crystallographic	  axis.	  Inset	  
shows	  the	  diffusion	  profiles	  of	  the	  1400	  °C	  experiments.	  Right:	  All	  Ti	  diffusion	  data	  showing	  the	  
difference	  in	  diffusive	  penetration	  from	  [001]	  and	  [100]	  or	  [010].	  As	  the	  experimental	  data	  were	  
collected	  over	  a	  range	  of	  fO2,	  silica	  activity	  and	  temperature	  conditions,	  the	  coefficients	  vary	  
systematically	  and	  together	  over	  5	  orders	  of	  magnitude.	  
 
Figure	  1.7.5:	  Compilation	  of	  Ti	  diffusion	  profiles	  measured	  at	  1400	  °C	  along	  [001].	  Different	  figures	  
represent	  different	  fO2	  conditions	  from	  log	  fO2=-­‐0.68	  (top)	  to	  log	  fO2=-­‐12	  (bottom).	  In	  each	  figure,	  the	  
different	  colours	  represent	  different	  aSiO2	  conditions;	  orange	  =	  fo-­‐qan-­‐per	  (lowest	  aSiO2),	  pink	  =	  fo-­‐
qan-­‐gei,	  purple	  =	  fo-­‐gei-­‐kar,	  blue	  =	  fo-­‐kar-­‐prEn	  (highest	  aSiO2).	  Note	  the	  strong	  positive	  influence	  of	  
aSiO2on	  the	  diffusion	  profile	  length.	  The	  profiles	  shape	  changes	  systematically	  from	  stepped	  at	  high	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fO2	  to	  near-­‐linear	  at	  low	  fO2,	  with	  aSiO2	  also	  influencing	  profile	  shapes	  at	  moderate	  fO2.	  The	  Ti	  
concentration	  on	  the	  steps	  are	  approximately	  constant	  at	  15-­‐20	  ppm	  regardless	  of	  fO2	  or	  aSiO2.	  
	  
1.7.3.1.4  Buffer assemblage  
 Chemical activity of the buffer assemblage has a significant effect on Ti 
diffusivity and solubility. To illustrate this, a compilation of profiles along [001] at 
1400 °C is presented in Figure 1.7.5 with one profile from each fO2 and buffer. 
Ti diffusion is faster and apparent interface solubility higher when the external 
assemblage has a higher activity of silica (Figure 1.7.3, Figure 1.7.5). In the high fO2 
experiments showing the double-step shape, diffusive penetration is over an order of 
magnitude greater when the external buffer assemblage contains protoenstatite (fo-
prEn-kar) compared to when the buffer contains periclase (fo-per-qan). The difference 
in penetration distance between these assemblages is slightly lower in the more 
reducing experiments. At 1300 and 1400 °C, the diffusion profiles from the low 
aSiO2 buffers fo-per-qan and fo-qan-gei are of very similar lengths, overlapping in 
some cases, but diverge in the 1500 °C experiments (Figure 1.7.3). This relates to the 
change in aSiO2 for each buffer as a function of temperature (Figure 1.7.3, inset). 
Silica activity was calculated using a combination of free energy data from Hermann 
et al. (2005) for qandilite and karooite and Holland and Powell (2011) for all other 
phases (assuming SiO2 is present as beta quartz and Mg2Si2O6 is protoenstatite). In 
one experiment (TODE5), aSiO2 affects the profile shape; the highest silica activity 
experiment shows a linear profile, whereas low silica activity experiments show the 
double-step shape (Figure 1.7.5c). 
 
1.7.3.1.5 Oxygen fugacity 
 The rate of Ti diffusion increases considerably as fO2 is decreased, we observe 
up to three orders of magnitude difference in D* over 11-12 log units fO2. At high 
oxygen fugacity, the profiles tend towards the ‘double-step’ shape (Figure 1.7.5a) and 
at very reducing conditions, they are near-linear (Figure 1.7.5d). The change of logD* 
as a function of log fO2 is non-linear, rather there appears to be a sigmoidal 
relationship with smaller changes at high and low fO2 conditions and greatest change 
in the central region (around QFM). This will be further discussed later.   
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1.7.3.1.6 Interface concentrations 
Comparing only periclase- and protoenstatite-buffered experiments, the 
concentration of Ti at the crystal edge increases as the activity of silica increases. 
There is, however, considerable error giving overlap between concentrations at the 
low aSiO2 conditions (Figure 1.7.6a, Table 1.7.2). Ti concentrations increase as a 
function of decreasing oxygen fugacity but show no clear relationship with 
temperature. The interface concentrations are all in the tens to hundreds of ppm range. 
In the case of the linear profiles, or the classical error function profiles, the 
concentration can be projected back to crystal edge (with relatively high precision) 
using a curve fit. For the double-step shapes diffusion profiles, with a sharp rise in Ti 
concentration at the crystal edge, determination of the interface concentration using 
data from scanning LA-ICP-MS is difficult. Nonetheless, we can qualitatively 
determine that higher aSiO2 gives higher Ti solubility. As discussed later, the 
difficulty with determination of Ti concentration at the interface is a result of the 
complexity of Ti diffusion, with faster diffusion relating to the less favourable 
substitution mechanism. 
 
  
Figure	  1.7.6:	  Interface	  concentrations	  of	  Ti	  as	  a	  function	  of	  temperature.	  (a):	  data	  from	  this	  study	  at	  
around	  QFM-­‐1.5,	  with	  4	  different	  aSiO2	  buffers.	  The	  lack	  of	  temperature	  dependence	  is	  interpreted	  as	  
a	  result	  of	  unconstrained	  Al	  contamination	  at	  the	  interface,	  allowing	  Ti-­‐Al	  coupled	  substitution.	  (b):	  
data	  from	  this	  study	  (qandilite-­‐geikielite	  buffer)	  compared	  to	  solubility	  data	  (qandilite-­‐buffered)	  from	  
(Hermann	  et	  al.,	  2005)	  and	  interface	  concentrations	  from	  a	  qandilite-­‐buffered	  diffusion	  study	  
determined	  by	  Rutherford	  Backscattering	  Spectroscopy	  (RBS)	  (Cherniak	  and	  Liang,	  2014).	  Interface	  
concentrations	  from	  this	  study	  (Ti	  on	  M	  site	  and	  Ti-­‐Al	  coupled	  substitution)	  are	  far	  below	  the	  
maximum	  solubility	  (Ti	  on	  T-­‐site)	  where	  diffusion	  is	  too	  slow	  to	  be	  seen	  by	  LA-­‐ICP-­‐MS.	  The	  diffusion	  
rate	  of	  Ti	  on	  the	  T-­‐sites	  should	  give	  profiles	  comfortably	  within	  the	  range	  of	  RBS,	  but	  the	  interface	  
concentrations	  from	  Cherniak	  and	  Liang	  (2014)	  do	  not	  change	  over	  >500	  °C	  and	  do	  not	  agree	  with	  
those	  from	  the	  solubility	  study.	  We	  suggest	  that	  these	  reported	  interface	  concentrations	  may	  be	  
analytical	  artefacts	  (see	  text).	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1.7.3.1.7 San Carlos olivine experiments 
Experiments with San Carlos olivine crystals were conducted at a single T 
(1300 °C) and fO2 (QFM-1.5) conditions, and crystal orientation were not measured. 
Nevertheless, it is clear from the results that diffusion varies as a function of aSiO2, 
with diffusion faster under orthopyroxene-buffered conditions (high aSiO2) compared 
to ferropericlase buffered assemblages (Figure 1.7.7). The diffusion profile shapes are 
similar to those observed in pure forsterite, at high aSiO2 the profiles are intermediate 
to stepped, and at low aSiO2 the profiles are near error-function-shaped, but are too 
short to properly evaluate this.  The amount of Ti on the step is higher than in the pure 
forsterite; around 100 ppm at the inflection down to background values. Apparent Ti 
interface concentrations vary between around 50 ppm at low aSiO2 to around 150-200 
ppm at high aSiO2. The diffusion rate is similar (within the same order of magnitude) 
to that observed in pure forsterite, although with the limited amount of experiments 
this cannot be quantified. 
 
 
Figure	  1.7.7:	  	  Ti	  diffusion	  profiles	  from	  experiments	  in	  randomly	  oriented	  San	  Carlos	  olivine	  at	  1300	  
°C,	  QFM-­‐1.5.	  The	  fastest	  diffusion	  and	  highest	  apparent	  solubility	  corresponds	  with	  the	  highest	  aSiO2	  
buffer	  ol-­‐arm-­‐opx	  (equivalent	  to	  fo-­‐kar-­‐prEn	  in	  Fe-­‐free	  experiments).	  
	  
1.7.3.1.8 Hydroxylation experiment 
The intensity of all peaks in the structurally-bound OH region of the IR 
spectra decreased from rim to core of the analysed crystal (Figure 1.7.8). The peaks at 
3525 and 3572 cm-1 were attributed to the Ti-clinohumite (MgTi4+H2O4) point defect 
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(Berry et al. 2005, 2007; Hermann et al. 2007), the strong peak at 3349 cm-1 is 
interpreted as H+ bound to Ti3+ (Ti3+H+SiO4; Berry et al. 2007b) and the low broad 
peak at 3160cm-1 is consistent with an hydrogenated M-site vacancy (MgH2SiO4; 
Lemaire et al. 2004). By comparing the integrated areas underneath these peaks with 
the LA-ICP-MS trace from the same crystal (Figure 1.7.8); it is clear that the hydrated 
Ti3+ profile closely resembles the total Ti profile – both are near linear. Ti3+ does not 
reach zero at the end of the profile; this is likely to be the result of Ti diffusion along 
the perpendicular axes during the original diffusion anneal; grain boundary diffusion 
is expected to be faster than bulk diffusion (e.g. Marquardt et al., 2011). The Ti-
clinohumite defect profile shows a step similar to the Ti profiles from experiments at 
higher fO2, and the M-site vacancy profile has a similar linear profile to the Ti3+ 
defect. 
 
 
Figure	  1.7.8:	  FTIR	  data	  from	  hydroxylation	  of	  a	  diffusion	  profile	  (TODE5,	  1400	  °C,	  QFM-­‐1.7,	  fo-­‐kar-­‐
prEn	  buffer).	  This	  profile	  was	  selected	  for	  hydroxylation	  as	  the	  first	  example	  of	  a	  linear	  profile	  as	  fO2	  is	  
decreased.	  The	  spectra	  are	  comprised	  of	  a	  Ti4+-­‐clinohumite	  defect	  (doublet),	  a	  strong	  Ti3+	  defect	  and	  a	  
low,	  broad	  Mg	  vacancy	  defect.	  The	  linear	  LA-­‐ICP-­‐MS	  profile	  can	  then	  be	  deconvoluted	  into	  two	  Ti	  
profiles;	  Ti3+	  is	  linear	  and	  Ti4+	  is	  stepped.	  Further	  description	  of	  the	  hydrous	  defects	  including	  
potential	  formation	  reactions	  are	  given	  in	  the	  text.	  
	  
1.7.3.2 Mn, Ni, Co diffusion 
1.7.3.2.1 Treatment of diffusion profiles 
In many cases, the diffusion of Mn, Co and Ni can be fit to a simple error function 
assuming diffusion is one-dimensional through a semi infinite medium from an 
infinite source reservoir (Figure 1.7.2d) (See Chapter 1.1 or Crank, 1975). However, 
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in some experiments, the tail end of the diffusion profile (crystal interior) can be fit to 
this curve, but the interface region shows diffusion out as well as diffusion in (Figure 
1.7.2e) suggesting the source buffer is not behaving as an infinite reservoir. As shown 
in Chapter 1.2, this still yields diffusion coefficients within error of those determined 
using equations describing a constantly depleting source. 
 In an experiment where Fe was a major contaminant (concentration greater 
than that of Mn, Ni and Co) and the fO2 is high (TODE9, 1400 °C, air), near ‘linear’ 
profiles are observed for Fe, and these are mimicked by the other cations at lower 
concentrations (Figure 1.7.2f). In the most reducing, highest temperature experiments 
where native metal is present in the buffer, Ni and Co is below detection limit; 
indicating that these cations do not partition into forsterite under these conditions. 
 
1.7.3.2.2 Effect of buffer assemblage 
As with Ti, diffusion of Co, Ni and Mn varies with aSiO2, with diffusivities at  
protoenstatite-buffered conditions (high  aSiO2)  around 1-1.5 orders of magnitude 
faster than at the lowest aSiO2 (Figure 1.7.9). The buffer assemblage does not exert 
any clear control on profile shape; the profiles consistently fit error function or 
depleted error function curves. 
 
 
Figure	  1.7.9:Interface	  concentrations	  of	  Mn,	  Ni	  and	  Co	  as	  a	  function	  of	  aSiO2	  at	  1300	  °C	  in	  air.	  The	  
interface	  concentrations	  are	  obtained	  directly	  from	  concentration-­‐distance	  plots	  and	  errors	  represent	  
1	  sigma	  from	  multiple	  traverses.	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1.7.3.2.3 Effect of temperature, orientation and fO2 
A series of plots for Mn, Ni and Co diffusion, where attempts have been made to fix 
all variables except temperature and one other, are presented in Figure 1.7.10. These 
show that diffusion coefficients systematically increase with temperature following 
Arrhenius relationships. Mn, Ni and Co diffuse faster as fO2 is decreased. The 
variation is around 1 order of magnitude over the studied range. Diffusion is fastest 
along [001], and slowest along [100] with around one order of magnitude difference 
between the two. Taken together, the total variation of Ni, Co or Mn diffusivity at any 
temperature is over 4-5 orders of magnitude; experiments conducted along [100], 
buffered by periclase, at high fO2 show diffusion 4-5 logD units slower than 
experiments along [001], buffered by enstatite at low fO2. 
 
 
Figure	  1.7.10:	  Compilation	  of	  Ni,	  Co	  and	  Mn	  diffusivity	  plots	  as	  a	  function	  of	  T,	  buffering	  assemblage	  
and	  fO2	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1.7.3.2.4 Interface concentrations 
The concentrations of Mn, Ni and Co are unbuffered in these experiments, and given 
that at low fO2 the interface amounts appear to deplete over the course of the anneal, 
only interface concentrations from the high fO2 experiments (air and pure CO2) are 
considered to be meaningful; these are given in Table 1.7.4. The solubility of the 
cations increases as aSiO2 increases, and generally Ni>Co>Mn (Figure 1.7.9). There 
is a slight increase as fO2 decreases, and the concentration increases with temperature.  
 
1.7.3.3 Relationships between diffusion of Ti and other elements 
The relationship between the diffusion of Ti and that of the divalent cations is 
variable. In the high fO2 experiments with stepped profile shapes where Ti diffusion is 
relatively slow, the divalent cations diffuse relatively rapidly. In contrast, in the lower 
fO2 experiments where Ti diffusion profiles are near-linear, fast Ti diffusion relates to 
fast Ni, Co and Mn diffusion (Figure 1.7.11).  
 
 
Figure	  1.7.11:	  Ti	  diffusion	  vs	  Mn,	  Ni	  and	  Co	  diffusion.	  Where	  Ti	  diffusion	  is	  slow	  (Ti4+),	  Mn,	  Ni	  and	  Co	  
are	  faster.	  As	  Ti	  diffusion	  becomes	  faster	  (lower	  fO2,	  more	  Ti
3+	  relative	  to	  total	  Ti,	  faster	  Ti	  diffusion),	  
the	  rates	  of	  diffusion	  overlap.	  The	  1:1	  line	  is	  determined	  from	  an	  arbitrary	  diffusive	  penetration	  from	  
an	  error-­‐function	  shaped	  profile;	  the	  penetration	  is	  the	  point	  at	  which	  the	  diffusant	  concentration	  is	  
10%	  above	  background	  values	  on	  a	  profile	  with	  500	  ppm	  at	  the	  interface	  and	  1	  ppm	  in	  the	  
background.	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 Aluminium, the major pre-existing contaminant in the synthetic forsterite used 
in this study (Zhukova et al., 2014), has a complicated relationship with Ti. Over the 
main length of the Ti diffusion profiles, Al profiles inversely mirror the Ti profiles . 
Near the interface, however, Ti and Al increase together. As well as in forsterite, this 
is seen in experiments in San Carlos olivine, which has 5-10x more Al in the crystal 
background  (Figure 1.7.12).  
 
 
Figure	  1.7.12:	  Ti-­‐Al	  diffusion	  in	  both	  pure	  forsterite	  [001]	  and	  natural	  olivine	  (unknown	  orientation).	  
As	  Ti	  diffuses	  in,	  Al	  diffuses	  out,	  suggesting	  that	  the	  Ti	  is	  displacing	  the	  Al	  from	  stable	  tetrahedral	  
substitution	  into	  the	  faster	  diffusing	  octahedral	  sites.	  In	  the	  near	  interface	  region,	  Ti	  and	  Al	  
concentrations	  increase	  together,	  suggesting	  slow,	  coupled	  diffusion	  with	  Al	  on	  the	  tetrahedral	  site	  
charge-­‐balancing	  Ti	  on	  the	  octahedral	  site.	  This	  behaviour	  is	  not	  seen	  in	  all	  experiments;	  the	  amount	  
of	  interface	  Al	  contamination	  is	  unconstrained.	  
	  
1.7.4 Discussion 
1.7.4.1 Titanium 
1.7.4.1.1 Charge balancing titanium incorporation in forsterite and the effect of 
chemical activity 
Titanium incorporation in pure, dry (hydrogen-free) forsterite with negligible 
impurities (a nominally aluminium and iron-free system) can be described with three 
different titanium-forsterite complexes (assuming Ti3+ is present). The size of Ti4+ 
allows substitution for either magnesium or silicon in the forsterite lattice, whereas 
Ti3+ is only permitted on the M sites due to size constraints. 
 The equilibrium substitution first eluded to by Hartman (1969) then observed 
in synthesis experiments (Berry et al., 2007; Hermann et al., 2005; Rodina et al., 
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2011) sees Ti4+ exchanging for Si4+ on the tetrahedral site, producing a defect with the 
stoichiometry of qandilite; 
  
Mg2Ti4+O4 . This is the most stable configuration in 
anhydrous settings; no charge balance is necessary and the ionic radii are similar; 
(0.26Å  for Si4+ versus 0.42Å for Ti4+). Ti4+ can also substitute for Mg2+ on the 
octahedral sites, and in the absence of impurities, must be charge balanced by a 
vacancy on another M-site, forming a 
  
Ti4+[vac]SiO4 complex ([vac] represents a 
vacant M site). M-site Ti3+ substitution is possible as 
  
Ti4 / 33+ [vac]2 / 3SiO4 , with a lower 
M-site vacancy concentration per Ti atom than its Ti4+ counterpart. The smaller ionic 
radius of Ti4+ means it should preferentially sit on the M1 site in olivine, whereas Ti3+ 
should be able to sit on either M1 or M2, with a slight preference for M1 (Papike et 
al., 2005). 
 Where Ti substitutes directly for Si, the highest concentrations are expected 
when qandilite is present in the buffering assemblage (Hermann et al., 2005) ( 1.7:1 ). 
This corresponds to low aSiO2 (i.e. fo-per-qan and fo-qan-gei buffers), encouraging 
substitution on the T-site: 
 
  
Mg2Ti4+O4 =Mg2Ti4+O4  (	  1.7:1	  )	  
            qan                            ol  
  
 In contrast, substitution of Ti (as Ti4+ or Ti3+) for Mg should be more 
favourable where aSiO2 is high; this encourages M site substitution. Reaction ( 1.7:2 ) 
describes Ti4+ substituting for Mg in the presence of protoenstatite and karooite (fo-
prEn-kar): 
 
  
2MgTi24+O5 + 5Mg2Si2O6 = 4Ti4+[vac]SiO4 + 6Mg2SiO4  (	  1.7:2	  )	  
          kar                        opx                            ol                              ol   
  
In practice, activity-composition relations show that equilibrium titanium solubility is 
always dominated by qandilite-type substitution (Hermann et al., 2005); the 
concentration on the M site is considerably lower than T-site substitution, even where 
aSiO2 is high.  
 The data from this study, however, show that the highest apparent Ti solubility 
occurs when the external buffer assemblage contains protoenstatite, and the lowest 
where periclase is present (Figure 1.7.6) supporting the assumption that Ti is present 
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on the M-site charge balanced by half an M-site vacancy. However, the interface 
concentration data show considerable scatter; it may be more instructive to look at the 
relationship between diffusion rate and chemical activity. These show conclusively 
that the fastest diffusion occurs when aSiO2 is high (Figure 1.7.13), which therefore 
means Ti is exploiting M-site vacancies and diffusing as either Ti4/3
3+ [vac]2/3SiO4 or 
Ti4+[vac]SiO4. 
 
 
Figure	  1.7.13:	  The	  relationship	  between	  aSiO2	  and	  diffusion	  rate	  from	  experiments	  with	  similar	  fO2.	  
Error	  bars	  are	  1	  sigma	  from	  repeat	  measurements.	  Left:	  Ti	  diffusion	  (as	  diffusive	  penetration;	  logD*),	  
showing	  strong	  positive	  relationship	  between	  diffusion	  and	  activity	  of	  silica.	  Right:	  equivalent	  plot	  for	  
Mn	  diffusion	  as	  logD.	  
	  
 The Ti4+[vac]SiO4 complex is inherently unstable in anhydrous conditions 
when compared to Mg2Ti4+O4 substitution (Hermann et al., 2005), the implications of 
this are discussed with regards to diffusion profile shapes below. 
The most likely contaminant-balanced substitution involves Al3+; alumina is 
ubiquitous in the 1 atmosphere furnace assemblies. Al3+ can substitute for either Si4+ 
or Mg2+ and when substituting for Si4+, allows highly charged cations to substitute 
octahedrally without the necessity for vacancies. Ti3+ and Ti4+ in Al-bearing forsterite 
can form the 
  
(MgTi3+)AlO4  (Tschermak’s-type substitution) and 
  
(Mg3/2Ti1/24+)AlO4  
complexes, respectively. Given that the concentration of Al often rises steeply 
towards the interface in concert with Ti (Figure 1.7.12), we assume that the 
“interface” Ti concentrations derived in this study are predominantly comprised of Ti-
Al coupled substitution. As Al concentration is fully unconstrained, it is not possible 
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to draw quantitative information regarding Ti defects from interface concentration 
measurements.  
 It must then be assumed, unfortunately, that the Ti solubility data measured in 
this study do not represent true equilibrium (i.e. Ti4+ on the Si site), nor are the 
interface concentrations fully constrained (as opposed to the studies presented in 
Chapters 1.3 to 1.6). We expect that the Ti content at the interface of the crystals does 
indeed show the solubility expected from synthesis studies, but this cannot be seen 
using our analytical procedure. The diffusion of Ti on the tetrahedral site must be 
balanced by a counter flux of Si in the opposite direction, with Si generally agreed to 
be the slowest diffusing major element in olivines (e.g. Bejina et al., 1999; Costa and 
Chakraborty, 2008; Dohmen et al., 2002b; Fei et al., 2012). Using the available data 
for Si self diffusion in olivine, we would expect that over the duration of the 
experiments yielding the longest diffusion profiles of Ti on the M sites, Ti existing on 
the Si sites would have diffused on the order of 0.5-2 microns, far below the 
resolution of scanning LA-ICP-MS.  
 
1.7.4.1.2 The effect of oxygen fugacity on Ti diffusion 
 Ti diffusion rate, along with Mn, Ni and Co diffusion, all increase as fO2 is 
reduced. Oxygen fugacity changes can affect point defect types and concentrations, 
and hence diffusion rates, in a variety of ways. In this system, over the T- fO2 range 
studied, Ti, O, Fe (contaminant), Ni, Co and Mn are all redox sensitive to some 
degree.  
 The redox changes of Ni and Co are from M2+ to M0 (O'Neill and Pownceby, 
1993); as the experimental conditions become more reducing these cations partition 
less strongly into olivine (there is no detectable Ni in the lowest fO2 experiments) and 
hence should have no effect on total point defect chemistry. Small amounts of Mn 
will be trivalent at the most oxidising conditions, but it is divalent over the majority of 
the experiments (Grundy et al., 2003). Iron valence should undergo an almost 
complete change between Fe3+ and Fe2+ over the experimental range with trivalent 
iron in the octahedral sites inducing point defect formation (M-site vacancies) for 
charge balance. This effect is greatest at high fO2, so cannot explain the increase in Ti 
diffusion rate at more reducing conditions. Vacancies may also increase in the oxygen 
sub-lattice as fO2 decreases, but these should be balanced by conduction band 
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electrons (Smyth and Stocker, 1975) and induce no change in vacancy concentration 
on either the M or T sites (see previous chapter). 
 The enhancement of both Ti solubility and diffusion as fO2 is decreased may 
therefore be a function of a valence state change from Ti4+ to Ti3+. This can be 
described by the general reaction, for the fo-prEn-kar buffer: 
 
  
3
4 Ti4/33+ [vac]SiO4 + 14 Mg2Si2O6 + 14 O2 = Ti4+[vac]SiO4 + 14 Mg2SiO4  
                   ol                                   opx                                            ol                                  ol 
(	  1.7:3	  )	  
  
The equilibrium constant of ( 1.7:3 ) is then: 
 
K=
X
Ti4+ [vac]SiO4
ol .γ
Ti4+ [vac]SiO4
ol( ) XMg2SiO4ol .γ Mg2SiO4ol( )1/4
X
Ti4/3
3+ [vac]SiO4
ol .γ
Ti4/3
3+ [vac]SiO4
ol( )3/4 XMg2Si2O6opx .γ Mg2Si2O6opx( )1/4 fO21/4
 
(	  1.7:4	  )	  
 
 
Where X is mole fraction and γ is activity coefficient. The present, pure phases, 
forsterite and enstatite, have activity of one (a=Xγ), such that they can be removed 
from the equilibrium expression.  Then, assuming Henry’s law behaviour, the 
expression can be simplified and rearranged: 
 
  
logK + 14 logfO2 = log
XTi4+ [vac]SiO4
ol .γTi4+ [vac]SiO4
ol( )
XTi4/33+ [vac]SiO4
ol .γTi4/33+ [vac]SiO4
ol( )3/4
= log Ti
4+
Ti3+  
(	  1.7:5	  )
	  
 
Then, (as presented in the previous chapter for the case of Cr) assuming that 
ΣTi=Ti3++Ti4+, this rearranges to: 
 
  
Ti3+
ΣTi =
1
1+10(logK+ 14 logfO2 )
 
(	  1.7:6	  )
	  
  
This curve defines a sigmoid in log fO2 – Ti3+/ΣTi space. The ¼ log fO2 term in (	  1.7:6	  
) (related to the ¼ O2 term in ( 1.7:3 )) fixes the slope of the sigmoid and logK defines 
the curve position. This expression is defined for the equilibrium condition (i.e. the 
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relative amounts of Ti3+ and Ti4+ at the interface), but can also be instructive for 
explaining the diffusive behaviour. 
Diffusive penetration (log D*) is plotted against log fO2 in Figure 1.7.14 along 
with curves with the slope (but not position) defined by (	  1.7:6	  ). As equation (	  1.7:6	  ) 
gives the proportion of Ti3+ over total Ti concentration at equilibrium and the data 
represents a kinetic process, the fit of the data to this relationship is qualitative. The 
goodness of fit shows, however, that the relationship is sigmoidal rather than linear or 
exponential, suggesting a valence state from Ti4+ to Ti3+ change may be responsible 
for the change in diffusion rates. In addition, the position of the curves suggests that 
the transition from predominantly Ti4+ to Ti3+ is a function of silica activity; Ti3+ 
appears to become the major valence at higher fO2 where enstatite is present 
compared to where periclase is present. Further experiments are necessary to 
determine the exact values of K for these reactions. 
 
 
Figure	  1.7.14:	  Ti	  diffusion	  as	  a	  function	  of	  fO2	  at	  fixed	  orientation	  and	  temperature.	  Data	  from	  the	  
four	  different	  buffer	  assemblages	  are	  shown,	  along	  with	  the	  theoretical	  curve	  describing	  a	  one	  
electron	  transfer	  reaction	  fitted	  to	  the	  data.	  Dashed	  line	  shows	  the	  Ti3+/ΣTi	  curve	  determined	  by	  
Mallmann	  and	  O'Neill	  (2009),	  arbitrarily	  placed	  on	  the	  diagram	  (in	  logD	  space;	  fixed	  in	  ΔQFM	  space)	  
for	  reference.	  The	  data	  from	  this	  study	  suggests	  that	  Ti3+	  may	  be	  present	  in	  natural	  samples	  at	  
considerably	  higher	  fO2	  than	  expected	  from	  the	  solubility	  studies.	  
	  
 Trivalent Ti is rarely reported, most terrestrial titanium in crust and upper 
mantle exists in the Ti4+ state, with Ti3+ minerals (e.g. tistarite) existing only in very 
reducing extra-terrestrial conditions.  The transition in olivines (Mallmann and 
O'Neill, 2009) is also expected to occur at more reducing conditions than experienced 
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in these experiments. The Ti4+-bearing phases in the buffer assemblages are stable 
throughout the experiments, with the exception of the fo-gei-qan assemblage in the 
most reducing experiments. XRD of buffer powders showed that this changed to 
assemblage of fo-gei-kar over the course of the experiment-the reason for this change 
is unclear. Whilst the Ti4+ phases may be stable, they are likely to enter into a solid 
solution with minor Ti3+ phases at low fO2. The amount of Ti3+ in the buffer phases is 
unconstrained, but likely to be very low; no solid solution effects were seen by XRD. 
Therefore, we suggest that Ti3+ in the olivine is preferentially stabilized by diffusion.  
 This can be explained in terms of charge balance; every Ti4+ diffusing into a 
forsterite crystal on the octahedral sites requires the opposite flux of two Mg2+ 
cations, but each Ti3+ requires only 1.5 cations to diffuse out, thus the free energy of 
Ti3+ incorporation is expected to make it favourable over Ti4+ even in relatively 
oxidizing conditions. The Ti3+/ΣTi ratio is expected to have the equilibrium value at 
the crystal interface; ~200 ppm Ti3+ against ~0.2-1wt% Ti4+ on the T-sites (e.g. 
(Hermann et al., 2005), giving Ti3+/ΣTi of <0.01, below the sensitivity of either 
XANES or Mössbauer. This highlights a useful by-product of diffusion 
measurements; the potential to observe the less favourable species that would 
normally be unmeasurable in conventional equilibrium studies. 
 
1.7.4.1.3 Hydroxylation processes 
Hydroxylation shows that a linear diffusion profile can be deconvoluted into 
two separate Ti profiles; one representing Ti4+ with a clinohumite-type substitution 
(Ti4+ on the M site, 2H on the T site), and the other Ti3+ charge-balanced by a single 
hydrogen on the M-site. In order for these defects to form inside the crystal, hydrogen 
must diffuse in. H+ diffusion must be charge-balanced by diffusion-in of a species 
with net negative charge; the most likely carriers being either M-site vacancies or 
conduction-band electrons. The vacancy mechanism is favoured in pure forsterite 
(Demouchy and Mackwell, 2003), whereas the faster electronic mechanism may be 
more important in iron-bearing olivines with redox variability (Mackwell and 
Kohlstedt, 1990).  
Fully protonated tetrahedral sites have too low mobility to homogenise a 
crystal to the extent seen in this experiment (Padrón-Navarta et al., 2014). Therefore, 
the reactions forming the protonated defects from anhydrous defects must involve 
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coupled hydrogen-vacancy or hydrogen-electron diffusion. Taking this into account, 
the clinohumite defect can only be formed from Ti4+ substituting for Si4+. Reaction ( 
1.7:7 ) describes a Ti4+ ion moving from the T to M site after reacting with H2O: 
 
Mg2Ti
4+O4 + H2O +
1
2 Mg2Si2O6 = (MgTi
4+ )H2O4 + Mg2SiO4  
            ol                                             opx                               ol                               ol 
(	  1.7:7	  )	  
  
 This is only one possible mechanism for forming the Ti-clinohumite point 
defect; in Chapter 2.2 this will be discussed in considerably more detail. 
(MgTi4+ )H2O4 cannot be formed from a 
  
(Ti4+[vac])SiO4  complex so simply; this 
would require H+ to diffuse with a tetrahedral-site vacancy. This is occupied by 4 
protons, therefore would need to form two clinohumite defects, but leaves only one 
available position for the displaced Si to move to. This can be accommodated, but 
requires a more complex reaction and hence cell rearrangement than ( 1.7:7 ). 
 Simply adding H+ to vacancy-balanced trivalent Ti, creates the 
  
Ti3+HSiO4  
defect: 
 
3
4 Ti4/3
3+ [vac]SiO4 +
1
2 H2O + 
1
4 Mg2Si2O6 = Ti
3+HSiO4 +
1
4 Mg2SiO4  
                     ol                                                    opx                       ol                         ol    
(	  1.7:8	  )	  
 
 
As in the case of reaction ( 1.7:7 ), the rate of hydroxylation (diffusion of hydrous 
defects) should be dependent on diffusion of M-site vacancies. Again, this and other 
mechanisms will be discussed in considerably more detail in Chapter 2.2. 
 In this experiment, it does not seem that Ti changes valence at all, rather it 
forms metastable hydrated defects in its current valence state. This is probably not the 
case for all elements, Ti exhibits this behaviour because the anhydrous defects have 
different site preferences, and it is not easy to translate from one to the other without 
rearranging the slowly-diffusing tetrahedral sublattice to some extent.  
 Taken together, the results from the hydroxylation experiment suggest that the 
linear (dry) profiles at moderately low fO2 predominantly comprise of Ti3+ on the M 
site, with Ti4+ at low concentrations on the T site.  When hydroxylated, the Ti4+ 
moves to the M-site, and the Ti3+ replaces its charge-balancing vacancy portion with a 
single proton. The clinohumite-type defect profile shows the same characteristic 
double-step as observed in high fO2 experiments, thus we assume the stepped profiles 
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represent Ti on the tetrahedral site. The linear profiles at low fO2 are likely to reflect 
trivalent titanium on the M-sites, although, as in this experiment, they may show 
subordinate amounts of Ti4+ on the T site that is likely to be missed by conventional 
trace element measurement techniques. 
 
1.7.4.1.4 Diffusion profile shapes and potential diffusion mechanisms 
The concentration-distance profiles observed in this study cannot be fit to a 
solution to simple concentration independent diffusion, i.e. an error function (Crank, 
1975). The profiles from high fO2 experiments show a double-step, and those from 
low fO2 show a linear profile. However, these profiles are not unique in geological 
literature; Li in olivine (Dohmen et al., 2010) and clinopyroxene (Richter et al., 2014) 
has been shown to have stepped profile shapes. The linear profiles observed at low 
fO2, thought to relate to Ti3+, has also been observed for diffusion of (trivalent) 
chromium in olivine at high fO2 (Chapter 1.6), diffusion of Sc3+ at concentrations 
below around 800 ppm at 1400 °C (Chapter 1.4) and the diffusion of various trivalent 
cations in periclase (Crispin and Van Orman, 2010; Van Orman et al., 2009). 
 The diffusion of Ti3+ is conceptually simple as it has only one potential 
substitution mechanism in the pure system; the vacancy mechanism 
  
Ti4 / 33+ [vac]2 / 3SiO4
. Diffusion of Ti3+ therefore involves a simple exchange of two Ti and a vacancy for 
three magnesium ions. As the cations move with their own vacancy, the diffusing Ti 
effectively creates its own pathway. Higher Ti concentrations lead to higher vacancy 
concentrations, which in turn leads to faster Ti diffusion. The diffusion coefficient is 
therefore non-constant and will decrease into the crystal, which when modelled gives 
the observed linear diffusion profile shapes (e.g. Crispin and Van Orman, 2010; Van 
Orman et al., 2009).  
 The diffusion of Ti4+ is conceptually more complex. Interpretation of FTIR 
data suggests that, in the anhydrous setting, Ti4+ is located on the tetrahedral site as 
  
Mg2Ti4+O4 . However, the activity-diffusivity relationships suggested that Ti4+ 
diffuses on the M-sites as 
  
Ti4+[vac]SiO4 ; mobility is higher where aSiO2 is high. We 
propose that the discrepancy between FTIR observations and predictions from 
chemical potentials can be resolved using the known ability of Ti4+ to substitute for 
either Mg or Si in the forsterite structure. The potential for two different site locations 
in the lattice, with different diffusivities, was invoked by Dohmen et al. (2010) to 
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explain their stepped Li diffusion profile shapes, and can be modified to explain Ti4+ 
diffusion in this case.  
 It can be assumed that the diffusion of Ti located on the tetrahedral site in 
forsterite will be of similar rate to that of Si-self diffusion in the lattice; silicon 
vacancies or cations must jump each time titanium does in order to allow it to move. 
Likewise, the diffusion of Ti that sits on the octahedral site will move at around the 
same rate as the octahedral site cation, Mg, for the same reason. Presently available 
data for Si and Mg self diffusion in olivine generally agree that Mg diffuses 
significantly faster than Si, although the magnitude of the difference is still debated 
(see Brady and Cherniak, (2010) for a compilation of data). In any case, the rate 
differences are great enough that Si in forsterite can be considered immobile on the 
time scales of Mg-self diffusion; it diffuses so slowly that we can consider it does not 
diffuse at all. In addition, the less mobile Mg2Ti4+O4 defect is the most stable in 
anhydrous conditions (Berry et al., 2007). 
  Thus, the diffusion of Ti4+ can be conceptualized as follows. The majority of 
titanium in the first few hundred to thousand nanometers will substitute onto the 
silicon site as predicted by synthesis studies, but this cannot be seen by the analytical 
techniques used in this study due to the short diffusion profile lengths; it may only be 
accessible using depth profiling techniques (e.g. RBS, Cherniak and Liang, 2014). 
 However, a small amount of Ti4+ substitutes for Mg, charge balanced by a 
vacancy, and as such, is considerably more mobile than T-site Ti4+. As this less stable 
Ti4+ defect moves through the crystal it may come into contact with a vacant silicon 
site, or a silicon site occupied by a cation forming a defect with lower stability than 
Mg2Ti4+O. At this point, the Ti4+ will jump into the tetrahedral site, leaving behind M-
site vacancies. For example, consider a situation where Ti4+ on the octahedral site 
comes into contact with Al3+ on the tetrahedral site, charge-balance by Al3+ on the M-
site: 
 
  
2Ti4+[vac]SiO4 + 2(MgAl)AlO4 +Mg2SiO4 = 2Mg2Ti4+O4 + 3Al43 [vac]23SiO4  
              ol                                        ol                                ol                             ol                                    ol
 
(	  1.7:9	  )	  
  
 The Ti4+ displaces the Al3+ into the M-site, effectively swapping mobilities. 
Ti4+ that was previously more mobile has become far less so; it is ‘trapped’ on the T 
site, and Al3+ that was bound on the T site is now free to move on the M site. Reaction 
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( 1.7:9 ) is convenient as it also explains the strong negative correlation between Al 
and Ti diffusion (Figure 1.7.12); Al appears to diffuse out as Ti diffuses in (excluding 
the near-interface region). The Ti ‘trapping’ reaction does not necessarily need to be 
described by reaction ( 1.7:9 ), any interaction between Ti4+ on the M-site and a 
vacant Si site should give the same result. However, the suggestion that Ti-Al 
interaction gives the observed profile shapes is corroborated by the experiments in 
San Carlos olivine; these also show stepped profiles with ~5 times higher ‘plateau’ 
concentrations in crystals with 5-10 times more aluminium, and the same Al-out-Ti-in 
relationships as the forsterite experiments.  
 The concentration of Ti in the plateau of the double step shape (always 15-20 
ppm in forsterite) is therefore the concentration of pre-existing tetrahedral sites that 
can be accessed by Ti; the Ti content reaches a new, stable baseline in the crystal as 
these vacancies become saturated. The front of the diffusion profile, where the 
concentration of Ti drops from the plateau to the background value, therefore 
effectively represents a wave of Ti moving through the crystal, diffusing only on the 
M sites but then dropping onto the T sites where it has much greater stability. Further 
details of the diffusion and trapping processes are in preparation, including the a new 
mathematical model describing the mechanism by which the diffusion profiles evolve 
with time.  
 Observation of stepped profiles in natural olivines is common, but these are 
generally interpreted to be overgrowth followed by diffusive relaxation of the 
concentration gradient. In general this is probably the most likely explanation, but 
consideration must be given to the potential that the whole stepped profile is purely a 
result of diffusion without the necessity for overgrowth.  
 The final mechanism, observed in experiments at high and low fO2, is coupled 
Ti-Al diffusion. Al3+ sits relatively comfortably on the T-site (ionic radius=0.39A) 
and as such is able to balance highly-charged cations on the M-sites. Diffusion of 
  
(MgTi3+)AlO4and 
  
(Mg3/2Ti1/24+)AlO4  is expected to be intermediate between the rates 
of M-site and T-site diffusion (e.g. Spandler and O'Neill, 2010). In many profiles Al 
and Ti rise sharply together towards the interface (Figure 1.7.12), suggesting they are 
at this point linked. Therefore, the observed interface concentrations are 
unconstrained, they represent the degree of experimental Al contamination, which 
varies from sample to sample and even between different transects on single crystals. 
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1.7.4.1.5 Comparison with other studies 
The diffusion of Ti in olivine has been experimentally studied by Cherniak 
and Liang (2014), Spandler et al. (2007) and Spandler and O'Neill (2010). Spandler et 
al. (2007) Spandler and O'Neill (2010) investigated the diffusion of Ti between an 
approximately basaltic melt and natural olivine (MORB phenocrysts in Spandler et al 
(2007) and San Carlos olivine crucibles in Spandler and O’Neill (2010)) and found Ti 
showing concentration independent diffusion with around the same rate as other 
divalent cations and Mg-Fe interdiffusion (e.g. Dohmen et al., 2007) over length 
scales of hundreds of micrometres (LA-ICP-MS and EPMA measurements). In 
contrast, Cherniak and Liang (2014) found Ti diffusion occurring significantly slower 
(but still following error function shaped profiles), around the rate of Si self-diffusion, 
although this was measured over tens to hundreds of nanometers using Rutherford 
Backscattering Spectroscopy (RBS). In neither study were any double-step or linear 
concentration-distance profiles observed.  
 The studies of Spandler et al. (2007) and Spandler and O’Neill (2010) are 
probably the most relevant in terms of providing geologically-useful trace element 
diffusion coefficients; as they most closely resemble a natural system, and include the 
buffering of all chemical activities by use of a silicate melt as the diffusant 
source/sink. On the other hand, these studies do not allow a thorough treatment of 
diffusion mechanisms, as the experiments were only conducted at 1300 °C and 1 
atmosphere under limited fO2 conditions. 
 The recent study of Cherniak and Liang (2014) used a powder source, as in 
this study, but consideration was not given to buffering as they only used a two phase 
assemblage of forsterite-qandilite. As a result, the chemical activity of the source is 
unconstrained, it will naturally migrate to either forsterite-qandilite-periclase or 
forsterite-qandilite-geikielite during the experiment. Admittedly, this may only be a 
minor problem in the SiO2-MgO-TiO2 system; Hermann et al. (2005) showed that 
when substituting for Si in the tetrahedral site, the concentration of Ti in forsterite is 
the same regardless of which side of the qandilite-forsterite tie line the experiment sits 
on. That Ti substitutes for Si in the Cherniak and Liang (2014) experiments is 
suggested by their determined diffusion coefficients that are closer to Si self-diffusion 
coefficients than M-site diffusion coefficients. However, an aspect of concern in their 
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data regards the interface concentrations of Ti; over the 500 °C range of temperature 
they do not change significantly, whereas solubility relations would predict that 
equilibrium interface concentrations should decrease systematically with temperature 
(Hermann et al., 2005) (Figure 1.7.6). These interface concentrations may be an 
analytical or experimental artefact. In our study, interface concentrations were very 
difficult to determine given the poor spatial resolution of LA-ICP-MS, but this should 
not be a problem for RBS with nanometer-scale resolution. Another concern is the 
detection limit of Ti by RBS, which was not stated in the paper but optimistically is 
around 500 ppm. Given that diffusion profiles represent follow a trend of 
concentration decay into the crystal, this means that only Ti at the edge of the crystals 
should be detectable by RBS, and, given the maximum permissible Ti concentrations 
in forsterite (Hermann et al., 2005), only at the higher temperatures used by Cherniak 
and Liang (2014) (Figure 1.7.6). 
 The result of relatively slow Ti diffusion by Cherniak and Liang (2014) seem 
to be at odds (by several orders of magnitude) with the relatively fast Ti diffusivity 
found in this study, and in Spandler et al. (2007) and Spandler and O’Neill (2010).  
However, the discrepancy may have more to do with the resolution of the techniques 
used to measure the diffusion profiles, rather than issues of experimental setup and 
design. For the purpose of argument, we assume that the high solubility, slow 
diffusing Mg2TiO4 (Ti on the Si site) complex can be observed using the high spatial 
resolution (and tens to hundreds of nanometers penetration distance) but poor 
detection limits of RBS (Figure 1.7.15; top). In our study, we see a component of the 
profile that is invisible to RBS, the low concentration, fast diffusing Ti on M sites, 
and the inter-reaction with available tetrahedral sites (Figure 1.7.15, bottom). To test 
this premise, it will be useful to employ another high spatial resolution technique that 
has low detection limits such as SIMS/SHRIMP/LA-ICP-MS depth profiling, 
nanoSIMS, aTEM or similar. 
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Figure	  1.7.15:	  Schematic	  diagram	  showing	  the	  different	  Ti	  diffusion	  mechanisms	  that	  may	  be	  seen	  by	  
different	  experimental	  and	  analytical	  methods.	  High	  spatial	  resolution	  techniques	  such	  as	  RBS	  and	  
SIMS	  depth	  profiling	  will	  see	  the	  first	  tens	  of	  nanometers	  to	  microns	  only;	  in	  this	  system	  these	  
techniques	  could	  be	  used	  to	  resolve	  Ti	  diffusion	  on	  the	  T	  sites.	  	  The	  background	  as	  reported	  in	  RBS	  
studies	  does	  not	  represent	  the	  indigenous	  Ti	  concentration	  of	  the	  mineral,	  rather	  this	  represents	  the	  
part	  of	  the	  diffusion	  profile	  formed	  by	  the	  low	  concentration,	  fast	  moving	  species	  that	  can	  only	  be	  
resolved	  using	  high	  sensitivity	  techniques	  (such	  as	  LA-­‐ICP-­‐MS).	  	  Neither	  technique	  can	  precisely	  
resolve	  both	  the	  background	  and	  the	  interface	  of	  the	  diffusion	  profile.	  
	  
Ironically, the most complex systems, investigated by Spandler et al. (2007) 
and Spandler and O’Neill (2010), shows very simple diffusion profiles with Ti 
presumably moving on M sites, although the charge balance mechanisms are unclear 
in their case; Na+ and Li+ may be involved, for example. That our preliminary 
experiments in San Carlos olivine also showed stepped profiles suggests that the 
error-function shapes observed by Spandler et al. (2007) and Spandler and O'Neill, 
(2010) are not a result of Fe3+ in natural olivine.  
  
1.7.4.2 Mn, Co, Ni Diffusion 
1.7.4.2.1 Diffusion as a function of T, aSiO2 and fO2 
Diffusion of the divalent cations in olivine is influenced by oxygen fugacity, crystal 
orientation, temperature and chemical activity, so a single expression to describe 
diffusion rate must account for all of these variables. To this end, following a 
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modification of the methods of Zhukova et al. (2014) and that presented in Chapter 
1.5, all divalent diffusion data have been fit to the general equation  
 
  
logD = logD0 + n logaSiO2 + m log fO2 −
Ea
ln(10)RT
⎛ 
⎝ 
⎜ 
⎞ 
⎠ 
⎟  
(	  1.7:10	  )	  
 
 
where n and m are the dependences of diffusion on silica activity and oxygen 
fugacity, respectively and Ea is the activation energy. This method assumes no change 
in the dependence of each parameter on each other parameter, (i.e. the dependence of 
diffusivity on aSiO2 does not change as a function of temperature, for example). The 
values of n and m are therefore only considered to be semi-quantitative. 
The data were fit to this equation using non-linear least squares regression for 
each diffusing element and each orientation. After regression, the values of n and m 
were set to the nearest logical fraction and the process repeated. The n and m values 
for Co and Mn converged to around the same value (2/3 and -1/8, respectively), 
whereas the Ni data was better fit to m=-1/7. The discrepancy between the m values is 
small enough that the diffusion mechanisms can be assumed to be the same for all 
cations. The 2/3 dependence of diffusion on aSiO2 is the same as determined by 
Zhukova et al. (2014) using only forsterite-enstatite and forsterite-periclase buffering 
assemblages.  
Values of logD0 and Eact (along with m and n) are presented in Table 1.7.5. 
The predicted logD values from the equation are plotted against measured values in 
Figure 1.7.16, including 1:1 lines, showing that the values in Table 1.7.5 describe well 
the aSiO2, fO2, orientation and temperature dependence of diffusion. Whilst this 
equation describes diffusion under the conditions investigated, it does not account for 
compositional variations in olivine (e.g. Mg/Mg+Fe2+) that are expected to alter both 
the diffusion rate and fO2 dependence (e.g. Chakraborty, 1997; Chakraborty et al., 
1994), or the pressure effect; these cations should diffuse more slowly at higher 
pressures (Holzapfel et al., 2007). 
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Figure	  1.7.16:	  Predicted	  diffusion	  coefficients	  from	  equation	  (	  1.7:10	  )	  at	  the	  experimental	  fO2	  and	  
aSiO2	  conditions	  compared	  to	  measured	  coefficients	  for	  Ni,	  Co	  and	  Mn,	  including	  1:1	  lines.	  These	  fits	  
suggest	  that	  Mn,	  Ni	  and	  Co	  diffusion	  (and	  hence	  M-­‐site	  vacancy	  concentrations)	  are	  all	  subjected	  to	  a	  
2/3	  dependence	  on	  aSiO2and	  a	  -­‐1/8	  to	  -­‐1/7	  dependence	  on	  fO2.	  
	  
1.7.4.2.2 Point defect chemistry and diffusive interference 
As discussed in Chapter 1.2, the predominant intrinsic point defect in pure 
forsterite is expected to be the Mg-Frenkel vacancy-interstitial complex (Plushkell 
and Engell, 1968; Walker et al., 2009) whereby a magnesium ion leaves an octahedral 
site and relocates to a nearby interstitial vacancy. The concentration of this defect, 
however, should not be affected by either chemical activities or oxygen fugacity; the 
concentration should be increased only through raising temperature. We must assume 
therefore that the concentration of magnesium vacancies (and with it the rate of M-
site diffusion) is being increased by another mechanism in parallel with the Frenkel 
reaction.  
Zhukova et al. (2014) invoked an anti-Schottky mechanism (favoured by the 
point defect models of Plushkell and Engell (1968) and Smyth and Stocker (1975) to 
explain their observed 2/3 power dependence of Ni and Co diffusion on aSiO2- this 
was discussed in Chapter 1.2.  
 
2MgMg
× + 2SiO2 =Mg2SiO4 +Sii
•••• + 2VMg
//  (	  1.7:11	  )	  
 
However, this reaction liberates no free oxygen, so no fO2 dependence should be 
observed.  
Potentially, the diffusion of Ti is affecting that of Ni, Co and Mn; the -1/8 
dependence of diffusion on fO2 may be a function of changing Ti valence state. 
Whilst Ti4+ is expected to diffuse on the M-site, charge balanced by a vacancy, it 
becomes trapped on the tetrahedral site, at which point it no longer requires vacancy 
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for charge-balance. Ti3+, on the other hand, retains its vacancies; it cannot substitute 
into the tetrahedral site given its large ionic radius. The concentration of vacancies 
should therefore be proportional to Ti3+ concentration, which varies as a function of 
fO2. This is also related to the linear Ti3+ profile shapes, suggesting the Ti3+ and 
vacancies are only weakly bound, such that those vacancies are free to expedite the 
diffusion of other cations. Equation (	  1.7:6	  ) defines the relationship between Ti3+/ΣTi 
and fO2 as a sigmoidal curve, with an approximately -1/7 slope over the inflexion. 
Potentially, rather than any change in bulk point defect concentration as a function of 
fO2, the concentration of Ti3+ is changing, which is in turn affecting the concentration 
of M site vacancies, and hence the diffusion of the divalent cations. It would be 
expected then that the Mn, Ni and Co diffusion profiles should be dependent on the 
concentration of Ti3+, i.e. should not fit the error function, but this is difficult to 
evaluate given that the cations often show depleting interface concentrations. The 
potential for diffusive interference is also suggested by (Figure 1.7.11); where Ti 
diffuses slowly (as mostly Ti4+) Ni, Co and Mn are considerably faster than Ti, 
whereas when Ti is faster (as Ti3+) the divalent cations have approximately the same 
diffusivity; they diffuse faster and their rate is increased by presence of Ti3+.   
This has implications for diffusion in natural systems; the mobility of divalent 
cations may be increased by the simultaneous diffusion of a trivalent cation with 
vacancies for charge balance. Notably, this could include Fe3+, Cr3+ and Al3+; it may 
not be valid to use frozen diffusion profiles of divalent cations for timescale 
determination where these cations are diffusing as well without consideration of the 
effect of diffusive interference. In this system, as little as 200-400 ppm of Ti3+ is 
enough to change diffusion coefficients by an order of magnitude.  
 
1.7.4.2.3 Comparison with other studies 
There has been considerable previous research on the diffusion of Ni, Co and 
Mn in olivine (Figure 1.7.17) experimentally as a function of pressure (Holzapfel et 
al., 2007), oxygen fugacity (Jurewicz and Watson, 1988a), orientation (Spandler and 
O'Neill, 2010), chemical potentials (Zhukova et al., 2014) temperature (Ito et al., 
1999) and olivine composition (Morioka, 1980, 1981). It has been established that 
diffusion is faster at higher temperature, lower pressure, higher silica activity, and 
higher oxygen fugacity (in natural olivine), and is anisotropic; D[001]>D[010]~D[100]. 
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The results from this study generally agree with literature data in terms of the 
temperature, orientation and silica activity, and pressure was not investigated. The 
results from this study fall well within the range of those from previous studies, 
except at low fO2 where Ti3+ diffusion has been suggested to interfere with the M-site 
vacancy concentration and hence divalent cation diffusion rate. 
 
 
Figure	  1.7.17:	  Comparison	  of	  Mn,	  Ni	  and	  Co	  diffusion	  data	  collected	  in	  this	  and	  other	  studies	  where	  
more	  than	  one	  temperature	  was	  investigated.	  Mn,	  Ni	  and	  Co	  data	  from	  this	  study	  represent	  diffusion	  
along	  [001],	  high	  aSiO2	  at	  log	  fO2	  of	  -­‐0.7	  and	  around	  -­‐11.	  ‘High’	  aSiO2	  
refers	  to	  (proto)enstatite-­‐
buffered,	  ‘low’	  aSiO2refers	  to	  periclase-­‐buffered.	  Labels:	  I99=Ito	  et	  al.	  (1999);	  1atm,	  [001],	  forsterite,	  
unbuffered	  aSiO2,	  log	  fO2=-­‐0.7.	  Z14=Zhukova	  et	  al.	  (2014);	  1atm,	  [100],	  forsterite,	  high	  aSiO2,	  log	  fO2=-­‐
0.7.	  M80=Morioka	  (1980);	  1atm,	  [001],	  forsterite,	  unbuffered	  aSiO2,	  log	  fO2=-­‐0.7.	  M81=Morioka	  
(1981);	  as	  M1.	  J88=	  Jurewicz	  and	  Watson	  (1988b);	  1atm,	  [001],	  St	  Johns	  olivine,	  high	  aSiO2,	  log	  fO2=-­‐8.	  	  
H07=Holzapfel	  et	  al.	  (2007)	  12GPa,	  [001],	  forsterite	  and	  San	  Carlos	  olivine,	  low	  aSiO2,	  fO2~Ni-­‐NiO.	  
	  
 
Jurewicz and Watson, (1988b) found diffusion of divalent cations in natural 
olivine to be faster at higher oxygen fugacity, whereas data from this study show that 
diffusion rates increase (by up to 1 order of magnitude) with decreasing oxygen 
fugacity (over ca. 11 log units of fO2). This disagreement can be explained simply by 
considering the different defect populations of natural and synthetic olivines. Natural 
olivine contains predominantly divalent iron, but small amounts  (on the low 100s 
ppm level according to Dohmen and Chakraborty (2007) and Mallmann and O'Neill, 
(2009)) is trivalent at formation conditions. By conducting diffusion experiments 
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within the limited range of fO2 where such natural olivines are stable, the Fe3+/ΣFe 
ratio is modified, and with it the pre-existing point defect concentration of the olivine 
as the Fe2+ to Fe3+ electron transfer must be charge balanced by addition of M-site 
vacancies. In contrast, pure forsterite with small amounts of Ti as either Mg2Ti4+O4 or 
  
Ti4 / 33+ [vac]2 / 3SiO4will have an extrinsic vacancy concentration that increases as fO2 
decreases (i.e. as Ti4+ becomes reduced to Ti3+). 
 
1.7.5 Summary 
1. Ti3+ shows concentration-dependent diffusion in forsterite. This may also 
apply to many other systems where the diffusing species require vacancies for 
charge-balance. 
2. Concentration-distance profiles showing a step that may have been otherwise 
interpreted as an overgrowth followed by diffusive exchange may result 
instead from complex diffusion mechanisms. A viable way to distinguish 
between element zonation by diffusion or by overgrowth is by analyzing 
multiple elements with known variations in diffusivity and diffusive 
anisotropy. 
3. Elements that have more than one potential crystallographic site/valence or 
require vacancies for charge balance are likely to show diffusive behaviour 
that does not allow simple fits to the error function. If they do, explanations 
must be given as to why. Explanations could include alternative charge 
balance mechanisms, concentrations lower than intrinsic vacancy populations, 
fully-bound cation-vacancy pairs, etc. 
4. Failure to control chemical activities in diffusion experiments can lead to large 
discrepancies in diffusion coefficients; by simply moving from one side of a 
buffer assemblage tie-line to the other, the measured diffusivity can change by 
an order of magnitude. Notably, this includes the classic diffusion couple 
experiments (two crystal olivine-olivine diffusion). 
5. Diffusion of trivalent cations charge-balanced by M-site vacancies may speed 
up the diffusion of passively diffusing divalent cations. The effect of Fe 
contamination is considerable and changes the shape of divalent cation 
diffusion profiles, but the effect of Ti3+ is extremely subtle; the divalent 
cations still follow error function profiles but at slightly faster rates. Potential 
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diffusive interference must be considered when extracting timescales from 
frozen diffusion profiles. 
6. Experimentally determined diffusion coefficients that only observe slow, high 
solubility diffusion pathways (such as Ti on the T-site in olivine) may not be 
applicable for determining closure temperatures if a faster diffusing, less 
favourable substitution mechanism exists (e.g., Ti on the M-site).  
7. Ti3+ may be present in natural systems at considerably higher fO2 than 
previously determined using equilibrium solubility data. The concentrations 
will be considerably lower than that of Ti4+, but even at the tens of parts per 
million level Ti3+ on the octahedral site could noticeably affect M-site vacancy 
concentrations. 
 
Tables 
Table	  1.7.1:	  Experimental	  conditions.	  t	  (days)	  is	  approximate	  only.	  Values	  of	  the	  quartz-­‐fayalite-­‐
magnetite	  (QFM)	  equilibrium	  in	  T-­‐fO2	  space	  are	  from	  O'Neill	  (1987).	  TODE3	  was	  conducted	  in	  San	  
Carlos	  olivine,	  all	  others	  in	  pure	  forsterite.	  
Experiment	  ID	   T	  (°C)	   t	  (days)	   t	  (seconds)	   log	  fO2	  
(absolute)	  
log	  fO2	  	  (ΔQFM)	  
TODE1	   1300	   28	   2415600	   -­‐0.68	   +6.62	  
TODE4	   1303	   30	   2599200	   -­‐7.67	   -­‐0.40	  
TODE6	   1300	   17	   1448100	   -­‐12.05	   -­‐4.75	  
TODE9	   1400	   43	   3744000	   -­‐0.68	   +5.62	  
TODE13	   1405	   21	   1802280	   -­‐3.07	   +3.18	  
TODE5	   1400	   19	   1626000	   -­‐7.97	   -­‐1.66	  
TODE7	   1403	   14	   1182000	   -­‐12.00	   -­‐5.72	  
TODE12	   1502	   5	   424800	   -­‐0.68	   +4.71	  
TODE11	   1500	   4	   313200	   -­‐2.74	   +2.66	  
TODE14	   1500	   2	   200640	   -­‐6.99	   -­‐1.59	  
TODE8	   1499	   2	   165600	   -­‐11.02	   -­‐5.61	  
TODE3(ol)	   1301	   30	   2599200	   -­‐8.76	   -­‐1.46	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Ti	  diffusion	  (as	  penetration;	  logD*	  [m2s-­‐1])	  
	   log	  fO2	  
(ΔQFM)	  
fo-­‐prEn-­‐kar	   fo-­‐kar-­‐gei	   fo-­‐gei-­‐qan	   fo-­‐qan-­‐per	  
[001]	   [010]	   [100]	   [001]	   [010]	   [100]	   [001]	   [010]	   [100]	   [001]	   [010]	   [100]	  
13
00
	   +6.62	   -­‐14.9(0.10,6)	   -­‐15.4(0.14,6)	   -­‐16.0(0.03,3)	   -­‐16.0(0.18,5)	   -­‐16.2(0.35,5)	   -­‐16.6(n.a.,1)	   -­‐16.7(0.43,4)	   -­‐17.5(0.11,2)	   -­‐17.2(0.52,5)	   -­‐17.3(0.28,6)	   -­‐16.5(0.57,6)	   -­‐17.5(0.30,3)	  
-­‐0.40	   -­‐13.4(0.03,3)	   -­‐14.2(0.00,4)	   -­‐14.8(0.03,4)	   -­‐14.2(0.06,4)	   -­‐15.1(0.00,3)	   -­‐15.8(0.05,4)	   -­‐15.6(0.12,4)	   -­‐16.2(0.28,4)	   -­‐17.3(0.14,4)	   -­‐15.8(0.04,4)	   -­‐16.7(0.31,4)	   -­‐17.1(0.11,4)	  
-­‐4.75	   -­‐12.7(0.01,4)	   -­‐13.5(0.02,5)	   -­‐14.3(0.03,6)	   -­‐13.6(0.03,5)	   -­‐14.5(0.03,3)	   -­‐15.1(0.11,5)	   -­‐14.2(0.04,5)	   -­‐15.1(0.07,3)	   -­‐15.6(0.14,4)	   -­‐14.6(0.04,5)	   -­‐15.6(0.09,5)	   -­‐16.0(0.11,5)	  
14
00
	   +5.62	   -­‐13.6(0.05,5)	   -­‐14.0(0.04,5)	   -­‐14.7(0.03,4)	   -­‐14.5(0.04,5)	   -­‐15.3(n.a.,1)	   -­‐16.0(0.03,2)	   -­‐15.3(0.05,5)	   -­‐15.5(0.07,3)	   -­‐16.4(0.14,3)	   -­‐15.9(0.07,5)	   -­‐16.5(0.08,3)	   -­‐16.6(0.05,3)	  
+3.18	   -­‐13.6(0.01,5)	   -­‐14.3(0.01,5)	   -­‐14.8(0.03,5)	   -­‐14.7(0.02,5)	   -­‐15.3(0.03,4)	   -­‐15.9(0.03,3)	   -­‐15.4(0.03,5)	   -­‐16.0(0.12,4)	   -­‐16.7(0.21,3)	   -­‐15.8(0.05,5)	   -­‐16.4(0.08,5)	   -­‐17.0(0.14,2)	  
-­‐1.66	   -­‐12.6(0.02,5)	   -­‐13.3(0.01,5)	   n.d.	   -­‐13.4(0.01,5)	   -­‐14.1(0.03,5)	   -­‐14.9(0.04,5)	   -­‐14.3(0.03,5)	   -­‐15.0(0.04,3)	   -­‐15.6(0.03,2)	   -­‐14.6(0.05,5)	   -­‐14.4(0.53,5)	   n.d.	  
-­‐5.72	   -­‐12.0(0.03,3)	   -­‐12.8(0.00,4)	   -­‐13.5(0.02,5)	   -­‐12.3(0.03,4)	   -­‐13.1(0.03,5)	   -­‐13.7(0.07,4)	   -­‐12.7(0.04,4)	   -­‐13.5(0.05,5)	   -­‐14.1(0.08,4)	   -­‐13.1(0.14,4)	   -­‐13.9(0.18,5)	   -­‐14.5(0.11,5)	  
15
00
	   +4.71	   n.s.	   n.s.	   n.s.	   -­‐14.0(0.07,5)	   n.d.	   -­‐15.2(0.08,3)	   -­‐14.5(0.05,4)	   -­‐15.1(0.13,3)	   -­‐15.7(0.16,5)	   -­‐15(0.13,3)	   -­‐15.5(0.2,4)	   -­‐15.9(0.29,3)	  
+2.66	   n.s.	   n.s.	   n.s.	   -­‐13.8(0.01,4)	   -­‐14.3(0.02,4)	   -­‐15.1(0.05,3)	   -­‐14.4(0.02,2)	   -­‐15.0(0.06,2)	   -­‐15.5(0.00,3)	   -­‐14.7(0.18,4)	   -­‐15.4(0.19,4)	   -­‐15.8(0.18,3)	  
-­‐1.59	   n.s.	   n.s.	   n.s.	   -­‐12.7(0.02,5)	   -­‐13.5(0.01,5)	   -­‐14.1(0.03,5)	   -­‐13.1(0.02,5)	   -­‐13.8(0.05,6)	   -­‐14.5(0.05,3)	   -­‐13.5(0.04,6)	   -­‐14.4(0.01,5)	   -­‐15.0(0.13,4)	  
-­‐5.61	   n.s.	   n.s.	   n.s.	   -­‐12.1(0.02,4)	   -­‐12.9(0.03,4)	   -­‐13.4(0.02,4)	   -­‐12.1(0.02,4)	   -­‐12.9(0.03,4)	   -­‐13.5(0.05,5)	   -­‐12.6(0.05,4)	   -­‐13.4(0.01,4)	   -­‐13.9(0.03,4)	  
 
 
Mn	  diffusion	  (as	  logD	  [m2s-­‐1]	  fit	  to	  error	  function	  solution	  to	  diffusion	  equation	  (Chapter	  1.1)	  
	   log	  fO2	  
(ΔQFM)	  
fo-­‐prEn-­‐kar	   fo-­‐kar-­‐gei	   fo-­‐gei-­‐qan	   fo-­‐qan-­‐per	  
[001]	   [010]	   [100]	   [001]	   [010]	   [100]	   [001]	   [010]	   [100]	   [001]	   [010]	   [100]	  
13
00
	   +6.62	   -­‐15.8(0.08,3)	   -­‐16.3(0.02,3)	   -­‐16.5(0.26,3)	   -­‐16.6(0.03,3)	   -­‐17.1(0.09,3)	   -­‐17.8(0.36,2)	   -­‐16.7(0.06,3)	   n.d.	   -­‐17.8(0.08,3)	   -­‐16.7(0.09,3)	   -­‐17.7(0.43,2)	   -­‐17.6(0.21,3)	  
-­‐0.40	   -­‐14.9(0.01,3)	   -­‐15.3(0.01,3)	   -­‐15.9(0.03,3)	   -­‐15.5(0.02,3)	   -­‐16.2(0.03,3)	   -­‐16.8(0.07,3)	   -­‐16.6(0.05,3)	   -­‐17.1(0.06,3)	   -­‐17.6(0.12,3)	   -­‐16.6(0.09,3)	   -­‐17.2(0.06,3)	   -­‐17.8(0.17,2)	  
-­‐4.75	   -­‐14.5(0.02,2)	   -­‐14.9(0.04,3)	   -­‐15.6(0.07,3)	   -­‐15.3(0.06,2)	   -­‐16.0(0.12,3)	   -­‐16.4(0.09,3)	   -­‐15.7(0.06,3)	   -­‐16.2(0.17,3)	   -­‐16.8(0.17,3)	   -­‐16.1(0.06,3)	   -­‐16.8(0.10,3)	   -­‐17.4(0.23,3)	  
14
00
	   +5.62	   i.c.	   i.c.	   i.c.	   i.c.	   i.c.	   i.c.	   i.c.	   i.c.	   i.c.	   i.c.	   i.c.	   i.c.	  
+3.18	   -­‐14.6(0.01,3)	   -­‐15.2(0.04,3)	   -­‐15.7(0.08,3)	   -­‐15.5(0.03,3)	   -­‐16.1(0.11,3)	   -­‐16.6(0.06,3)	   -­‐15.8(0.02,3)	   -­‐16.3(0.04,3)	   -­‐16.7(0.04,3)	   -­‐15.9(0.00,3)	   -­‐16.0(0.02,3)	   -­‐16.7(0.10,2)	  
-­‐1.66	   -­‐14.1(0.05,3)	   -­‐14.5(0.02,2)	   -­‐14.9(0.00,1)	   -­‐14.7(0.05,3)	   -­‐15.4(0.03,3)	   -­‐16.2(0.02,3)	   -­‐15.4(0.04,3)	   -­‐16.3(0.06,3)	   -­‐16.8(0.06,3)	   -­‐15.7(0.05,3)	   -­‐16.3(0.24,3)	   b.d.l.	  
-­‐5.72	   -­‐13.6(0.03,3)	   b.d.l.	   b.d.l.	   b.d.l.	   b.d.l.	   b.d.l.	   -­‐14.1(0.13,2)	   b.d.l.	   b.d.l.	   b.d.l.	   b.d.l.	   b.d.l.	  
15
00
	   +4.71	   n.s.	   n.s.	   n.s.	   -­‐14.9(0.07,3)	   -­‐15.2(0.12,3)	   -­‐15.8(0.13,3)	   -­‐15.1(0.08,3)	   -­‐15.7(0.13,3)	   -­‐16.1(0.06,3)	   -­‐15.2(0.03,3)	   -­‐15.5(0.17,3)	   -­‐16.1(0.1,3)	  
+2.66	   n.s.	   n.s.	   n.s.	   -­‐14.7(0.01,3)	   -­‐15.2(0.07,3)	   -­‐16.0(0.10,3)	   -­‐15.1(0.04,3)	   -­‐15.8(0.06,3)	   -­‐16.2(0.05,3)	   -­‐15.3(0.04,3)	   -­‐15.9(0.12,3)	   -­‐16.3(0.11,3)	  
-­‐1.59	   n.s.	   n.s.	   n.s.	   -­‐14.3(0.01,3)	   -­‐14.7(0.04,3)	   -­‐15.2(0.02,3)	   -­‐14.4(0.02,3)	   -­‐14.9(0.08,3)	   -­‐15.2(0.29,3)	   -­‐14.7(0.01,3)	   -­‐15.4(0.07,3)	   -­‐16.0(0.03,3)	  
-­‐5.61	   n.s.	   n.s.	   n.s.	   -­‐13.6(0.02,3)	   -­‐14.1(0.02,3)	   -­‐14.7(0.05,3)	   -­‐13.6(0.05,3)	   b.d.l.	   b.d.l.	   -­‐14.1(0.06,3)	   b.d.l.	   b.d.l.	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Ni	  diffusion	  (as	  logD	  [m2s-­‐1]	  fit	  to	  error	  function	  solution	  to	  diffusion	  equation	  (Chapter	  1.1))	  
	   log	  fO2	  
(ΔQFM)	  
fo-­‐prEn-­‐kar	   fo-­‐kar-­‐gei	   fo-­‐gei-­‐qan	   fo-­‐qan-­‐per	  
[001]	   [010]	   [100]	   [001]	   [010]	   [100]	   [001]	   [010]	   [100]	   [001]	   [010]	   [100]	  
13
00
	   +6.62	   -­‐15.9(0.12,3)	   -­‐17.2(0.04,3)	   -­‐17.3(0.27,3)	   -­‐16.9(0.04,3)	   -­‐17.5(0.17,3)	   -­‐18.1(0.49,2)	   -­‐17.1(0.10,3)	   -­‐17.6(0.12,3)	   -­‐17.8(0.18,3)	   -­‐17.0(0.18,3)	   -­‐17.6(0.46,3)	   -­‐17.5(0.26,3)	  
-­‐0.40	   -­‐14.8(0.03,3)	   -­‐16.0(0.02,3)	   -­‐16.5(0.16,3)	   -­‐15.3(0.07,3)	   -­‐16.6(0.10,3)	   -­‐16.8(0.04,3)	   -­‐15.8(0.02,3)	   -­‐16.9(0.22,2)	   -­‐16.3(0.02,3)	   -­‐16.2(0.12,3)	   -­‐17.1(0.05,3)	   -­‐16.3(0.16,2)	  
-­‐4.75	   b.d.l.	   b.d.l.	   b.d.l.	   b.d.l.	   b.d.l.	   b.d.l.	   b.d.l.	   b.d.l.	   b.d.l.	   b.d.l.	   b.d.l.	   b.d.l.	  
14
00
	   +5.62	   i.c.	   i.c.	   i.c.	   i.c.	   i.c.	   i.c.	   i.c.	   i.c.	   i.c.	   i.c.	   i.c.	   i.c.	  
+3.18	   -­‐14.6(0.02,3)	   -­‐15.6(0.04,3)	   -­‐16.1(0.02,3)	   -­‐15.5(0.03,3)	   -­‐16.2(0.12,3)	   -­‐16.7(0.13,3)	   -­‐15.9(0.03,3)	   -­‐16.6(0.16,3)	   -­‐17.2(0.04,3)	   -­‐15.9(0.03,3)	   -­‐16.3(0.09,3)	   -­‐17.2(0.04,2)	  
-­‐1.66	   -­‐13.9(0.05,3)	   -­‐15.0(0.01,2)	   n.d.	   -­‐14.5(0.02,3)	   -­‐15.5(0.05,3)	   -­‐15.9(0.08,3)	   -­‐15.3(0.12,2)	   -­‐16.0(0.06,3)	   -­‐15.2(0.06,2)	   -­‐15.2(0.21,3)	   -­‐16.0(0.20,3)	   b.d.l.	  
-­‐5.72	   b.d.l.	   b.d.l.	   b.d.l.	   b.d.l.	   b.d.l.	   b.d.l.	   b.d.l.	   b.d.l.	   b.d.l.	   b.d.l.	   b.d.l.	   b.d.l.	  
15
00
	   +4.71	   n.s.	   n.s.	   n.s.	   -­‐15.0(0.02,3)	   -­‐15.4(0.10,3)	   -­‐16.2(0.41,3)	   -­‐15.1(0.16,3)	   -­‐16.0(0.31,3)	   -­‐16.5(0.08,3)	   -­‐15.2(0.06,3)	   -­‐16.1(0.37,3)	   -­‐16.5(0.1,2)	  
+2.66	   n.s.	   n.s.	   n.s.	   -­‐14.8(0.04,3)	   -­‐15.5(0.08,3)	   -­‐16.2(0.04,3)	   -­‐15.2(0.02,3)	   -­‐15.8(0.02,3)	   -­‐16.2(0.09,3)	   -­‐15.4(0.08,3)	   -­‐16.1(0.23,3)	   -­‐16.0(0.39,3)	  
-­‐1.59	   n.s.	   n.s.	   n.s.	   -­‐14.1(0.21,3)	   -­‐14.5(0.10,3)	   -­‐15.0(0.13,3)	   b.d.l.	   b.d.l.	   -­‐15.1(0.20,3)	   b.d.l.	   b.d.l.	   -­‐14.9(0.06,3)	  
-­‐5.61	   n.s.	   n.s.	   n.s.	   b.d.l.	   b.d.l.	   b.d.l.	   b.d.l.	   b.d.l.	   b.d.l.	   b.d.l.	   b.d.l.	   b.d.l.	  
	  
Co	  diffusion	  (as	  logD	  [m2s-­‐1]	  fit	  to	  error	  function	  solution	  to	  diffusion	  equation	  (Chapter	  1.1)	  
	   log	  fO2	  
(ΔQFM)	  
fo-­‐prEn-­‐kar	   fo-­‐kar-­‐gei	   fo-­‐gei-­‐qan	   fo-­‐qan-­‐per	  
[001]	   [010]	   [100]	   [001]	   [010]	   [100]	   [001]	   [010]	   [100]	   [001]	   [010]	   [100]	  
13
00
	   +6.62	   -­‐15.8(0.07,3)	   -­‐16.5(0.04,3)	   -­‐16.8(0.27,3)	   -­‐16.6(0.02,3)	   -­‐17.2(0.1,3)	   i.c.	   -­‐16.6(0.03,3)	   -­‐17.4(0.13,3)	   -­‐17.6(0.16,3)	   -­‐16.6(0.10,3)	   -­‐17.4(0.34,3)	   -­‐17.5(0.27,3)	  
-­‐0.40	   -­‐14.7(0.02,3)	   -­‐15.5(0.02,3)	   -­‐16.1(0.02,3)	   -­‐15.3(0.08,3)	   -­‐16.1(0.02,3)	   -­‐16.7(0.03,3)	   -­‐16.4(0.07,3)	   -­‐17.1(0.08,3)	   -­‐17.6(0.16,3)	   -­‐16.4(0.11,3)	   -­‐17.1(0.09,3)	   -­‐17.7(0.12,2)	  
-­‐4.75	   -­‐14.3(0.03,2)	   -­‐15.0(0.04,3)	   -­‐15.8(0.07,3)	   -­‐15.1(0.00,2)	   -­‐15.9(0.15,3)	   -­‐16.5(0.1,3)	   -­‐15.7(0.12,3)	   -­‐16.4(0.14,3)	   -­‐16.7(0.16,3)	   -­‐16.0(0.05,3)	   -­‐17.2(0.62,3)	   -­‐17.5(0.37,3)	  
14
00
	   +5.62	   i.c.	   i.c.	   i.c.	   i.c.	   i.c.	   i.c.	   i.c.	   i.c.	   i.c.	   i.c.	   i.c.	   i.c.	  
+3.18	   -­‐14.7(0.01,3)	   -­‐15.3(0.05,3)	   -­‐15.8(0.07,3)	   -­‐15.3(0.04,3)	   -­‐16.1(0.12,3)	   -­‐16.8(0.08,3)	   -­‐15.7(0.01,3)	   	   	   -­‐15.8(0.00,3)	   -­‐16.1(0.02,3)	   -­‐16.9(0.08,2)	  
-­‐1.66	   -­‐13.8(0.06,3)	   -­‐14.6(0.03,2)	   	   -­‐14.5(0.05,3)	   -­‐15.3(0.04,3)	   -­‐16.0(0.02,3)	   -­‐15.4(0.11,3)	   -­‐16.4(0.05,3)	   -­‐16.8(0.06,3)	   -­‐15.6(0.09,3)	   -­‐16.1(0.15,3)	   b.d.l.	  
-­‐5.72	   -­‐13.4(0.07,3)	   b.d.l.	   b.d.l.	   b.d.l.	   b.d.l.	   b.d.l.	   -­‐15.4(0.04,3)	   -­‐16.1(0.09,3)	   -­‐16.4(0.32,3)	   b.d.l.	   b.d.l.	   b.d.l.	  
15
00
	   +4.71	   n.s.	   n.s.	   n.s.	   -­‐14.8(0.03,3)	   -­‐15.3(0.11,3)	   -­‐16.0(0.14,3)	   b.s.r.	   b.s.r.	   b.s.r.	   -­‐15.2(0.03,3)	   -­‐15.6(0.18,3)	   -­‐16.3(0.11,3)	  
+2.66	   n.s.	   n.s.	   n.s.	   -­‐14.8(0.02,3)	   -­‐15.2(0.07,3)	   -­‐16.1(0.09,3)	   -­‐15.0(0.08,3)	   -­‐15.0(0.07,3)	   -­‐16.3(0.06,3)	   -­‐15.2(0.04,3)	   -­‐15.9(0.11,3)	   -­‐16.4(0.11,3)	  
-­‐1.59	   n.s.	   n.s.	   n.s.	   -­‐14.1(0.03,3)	   -­‐14.8(0.05,3)	   -­‐15.3(0.08,3)	   -­‐15.2(0.07,3)	   -­‐15.8(0.07,3)	   -­‐16.2(0.07,3)	   -­‐14.6(0.08,3)	   -­‐15.4(0.12,3)	   -­‐16.1(0.06,3)	  
-­‐5.61	   n.s.	   n.s.	   n.s.	   -­‐13.4(0.04,3)	   -­‐14.1(0.1,3)	   -­‐14.6(0.08,3)	   -­‐14.3(0.05,3)	   -­‐15.7(0.13,3)	   -­‐15.3(0.26,3)	   b.d.l.	   b.d.l.	   b.d.l.	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Table	  1.7.2:	  Ti,	  Mn,	  Ni	  and	  Co	  diffusion	  coefficients	  determined	  at	  different	  T,	  fO2,	  buffering	  
assemblage	  and	  orientation	  conditions.	  The	  numbers	  outside	  and	  inside	  the	  bracket,	  respectively,	  is	  
the	  mean	  diffusion	  coefficient,	  and	  standard	  deviation	  from	  repeated	  measurements	  and	  number	  of	  
repeats.	  Notations	  are	  as	  follows.	  i.c.	  =	  iron	  contamination,	  which	  occurred	  in	  the	  1400	  °C,	  air	  
experiment.	  Ti	  diffusion	  values	  are	  still	  quoted	  for	  this	  experiment	  but	  may	  be	  accelerated	  by	  Fe.	  n.s.	  
=	  not	  stable,	  referring	  to	  the	  fo-­‐prEn-­‐kar	  buffer	  being	  partially	  melted	  at	  1500	  °C.	  b.d.l.	  =	  below	  
detection	  limit,	  generally	  relating	  to	  low	  solubility	  of	  Ni,	  Co	  and	  Mn	  at	  low	  fO2	  and	  high	  T.	  b.s.r	  =	  
below	  spatial	  resolution	  of	  the	  laser	  beam-­‐profiles	  shorter	  than	  around	  20	  μm	  cannot	  realistically	  be	  
measured.	  n.d.	  =	  not	  determined	  for	  miscellaneous	  reasons.	  n.a.	  =	  not	  applicable;	  standard	  deviations	  
are	  not	  quoted	  where	  only	  one	  measurement	  was	  made.	  	  
T	  (°C)	  
Buffer	   ln	  aSiO2	  
log	  fO2	  
-­‐0.7	   ~	  -­‐3	   ~	  -­‐7	   ~	  -­‐12	  
	  
1300	  
fo-­‐per-­‐qan	   -­‐4.4	   35	  (28)	   	   36	  (5)	   246	  (89)	  
fo-­‐qan-­‐gei	   -­‐3.9	   33	  (11)	   	   50	  (8)	   63	  (33)	  
fo-­‐gei-­‐kar	   -­‐2	   38	  (21)	   	   40	  (8)	   83	  (30)	  
fo-­‐kar-­‐prEn	   -­‐0.4	   36	  (13)	   	   29	  (3)	   388	  (34)	  
	  
1400	  
fo-­‐per-­‐qan	   -­‐4.6	   15	  (10)	   23	  (14)	   61	  (20)	   94	  (35)	  
fo-­‐qan-­‐gei	   -­‐3.4	   17	  (6)	   15	  (4)	   57	  (7)	   143	  (23)	  
fo-­‐gei-­‐kar	   -­‐2	   24	  (9)	   21	  (6)	   77	  (3)	   307	  (44)	  
fo-­‐kar-­‐prEn	   -­‐0.4	   57	  (14)	   49	  (14)	   221	  (53)	   350	  (46)	  
	  
1500	  
fo-­‐per-­‐qan	   -­‐3.9	   16	  (9)	   29	  (16)	   58	  (25)	   60	  (14)	  
fo-­‐qan-­‐gei	   -­‐3.2	   22	  (6)	   27	  (7)	   31	  (7)	   203	  (43)	  
fo-­‐gei-­‐kar	   -­‐2.2	   27	  (6)	   36	  (12)	   24	  (4)	   294	  (91)	  
Table	  1.7.3:	  Interface	  concentrations	  of	  Ti,	  all	  axes,	  at	  all	  aSiO2	  and	  fO2	  conditions,	  determined	  from	  
concentration-­‐distance	  plots.	  Mean	  and	  1	  sigma	  are	  given;	  these	  are	  calculated	  after	  manually	  
rejecting	  anomalous	  values	  generally	  >100%	  away	  from	  median.	  
	  
T	  (°C)	   log	  fO2	   Buffer	   aSiO2
	  
ln	  aSiO2	  	   Mn	   Ni	   Co	  
1300	  
	  
	  
-­‐0.68	  
	  
	  
fo-­‐per-­‐qan	   0.01	   -­‐4.4	   105	  (25)	   163	  (29)	   175	  (23)	  
fo-­‐qan-­‐gei	   0.02	   -­‐3.9	   85	  (13)	   233	  (32)	   175	  (25)	  
fo-­‐gei-­‐kar	   0.13	   -­‐2.0	   208	  (33)	   607	  (105)	   358	  (53)	  
fo-­‐kar-­‐prEn	   0.67	   -­‐0.4	   390	  (75)	   893	  (49)	   745	  (48)	  
1400	  
	  
	  
-­‐3.07	  
	  
	  
fo-­‐per-­‐qan	   0.01	   -­‐4.6	   250	  (13)	   255	  (67)	   267	  (15)	  
fo-­‐qan-­‐gei	   0.03	   -­‐3.4	   205	  (5)	   557	  (32)	   457	  (167)	  
fo-­‐gei-­‐kar	   0.13	   -­‐2.0	   413	  (21)	   1060	  (40)	   577	  (31)	  
fo-­‐kar-­‐prEn	   0.65	   -­‐0.4	   390	  (10)	   847	  (50)	   628	  (10)	  
1500	  
	  
	   fo-­‐per-­‐qan	   0.02	   -­‐3.9	   152	  (10)	   217	  (40)	   213	  (13)	  
-­‐0.68	   fo-­‐qan-­‐gei	   0.04	   -­‐3.2	   132	  (10)	   358	  (58)	   203	  (21)	  
	   fo-­‐gei-­‐kar	   0.11	   -­‐2.2	   192	  (24)	   520	  (61)	   212	  (28)	  
1500	  
	  
	   fo-­‐per-­‐qan	   0.02	   -­‐3.9	   323	  (15)	   252	  (64)	   322	  (10)	  
-­‐2.74	   fo-­‐qan-­‐gei	   0.04	   -­‐3.2	   237	  (6)	   397	  (21)	   380	  (18)	  
	   fo-­‐gei-­‐kar	   0.11	   -­‐2.2	   480	  (10)	   668	  (28)	   643	  (6)	  
Table	  1.7.4:	  Interface	  concentrations	  of	  Mn,	  Ni	  and	  Co	  from	  [001]	  experiments	  in	  either	  pure	  CO2	  or	  
air	  (high	  fO2).	  Concentrations	  are	  determined	  by	  reading	  from	  concentration-­‐distance	  plots,	  errors	  are	  
1	  sigma	  from	  repeated	  transects.	  The	  1400	  °C,	  air,	  experiment	  was	  heavily	  contaminated	  by	  Fe	  so	  is	  
omitted.	  
	   logD0	  (principal	  axes)	   	   	   	  
[100]	   [010]	   [001]	   n	   m	   Ea	  (kJmol
-­‐1)	  
Ni	   -­‐1.96	   -­‐1.56	   -­‐0.71	   2/3	   -­‐1/8	   459.5	  
Co	   -­‐2.65	   -­‐2.05	   -­‐1.35	   2/3	   -­‐1/8	   439.5	  
Mn	   -­‐1.54	   -­‐0.99	   -­‐0.20	   2/3	   -­‐1/8	   472.7	  
Table	  1.7.5:	  Parameters	  from	  equation	  (	  1.7:10	  )	  derived	  by	  least	  squares	  regression	  of	  all	  data.	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Simple systems  
at 0.5 – 2.5 GPa:  
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2.1 Introduction and Methods for Section Two 
2.1.1 Introduction 
In the previous section, the effects of temperature, crystal orientation, 
chemical activity, oxygen fugacity, diffusant concentration and olivine composition 
on trace element diffusion was studied in a variety of systems at atmospheric 
pressure. In this section, we extend the dataset to include experiments conducted at 
0.5 to 2.5 GPa pressure, using hydrogen diffusion as an example.  
Since the discovery of hydroxyl (OH) stretching bands in olivine nearly half a 
century ago (Beran, 1969), considerable effort has been expended in determining the 
concentration of hydrogen in mantle phases. The hydrogen is often referred to as 
‘water’, because our understanding of the substitution mechanisms is that the relevant 
thermodynamic component is H2O, and the amount of H in “Nominally Anhydrous 
Minerals” (or NAMs), as in other hydroxyl-containing minerals, is dependent on the 
fugacity of H2O, f(H2O) (e.g. Ferot and Bolfan-Casanova, 2012, Kohlstedt et al., 
1996, Mosenfelder et al., 2006). Understanding these substitutions is a prerequisite for 
understanding the total water budget of the Earth (e.g. Bell and Rossman, 1992; 
Bolfan-Casanova, 2005; Hirschmann et al., 2005; Smyth et al., 2006). Several studies 
have attempted to quantify the amount of water in mantle olivine by measuring its 
concentration in rapidly emplaced xenoliths and xenocrysts where the original mantle 
water signature should be preserved (e.g. Bell et al., 2004; Grant et al., 2007; 
Kitamura et al., 1987). However, the extent to which mantle olivines can maintain 
their original water signature between being entrained in melt to being 
erupted/emplaced is a function of the hydrogen diffusion rate and mechanism which 
is still a matter of debate (e.g. Demouchy and Mackwell, 2003; Demouchy and 
Mackwell, 2006; Du Frane and Tyburczy, 2012; Ferriss et al., 2015; Kohlstedt and 
Mackwell, 1998; Mackwell and Kohlstedt, 1990; Padrón-Navarta et al., 2014, 
Thoraval and Demouchy, 2014). Additionally, if the diffusion rate of hydrogen is 
known, and diffusive water loss is observed in olivine xenocrysts, constraints can be 
placed on the duration of ascent and emplacement (e.g. Demouchy et al., 2006; Denis 
et al., 2013; Peslier and Luhr, 2006; Peslier et al., 2008, 2015; Peslier and Bizimis, 
2015). The water content of olivine can also be an indicator of the petrogenetic 
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processes accompanying the entrainment of their host xenoliths by ascending melts 
from the mantle (e.g. Tollan et al, 2015). 
However, the substitution of OH- in natural olivine has turned out to be 
unexpectedly complex. At least four main mechanisms have been observed: OH- may 
be associated with Si vacancies, M-site vacancies, trivalent cations, or with Ti4+ in a 
point defect resembling a unit of the titano-clinohumite structure. The diffusion of 
hydrogen is likely to be even more complex; several different diffusion mechanisms 
have been identified, each with different diffusion rates (Demouchy and Mackwell, 
2003, 2006; Du Frane et al, 2012; Kohlstedt and Mackwell, 1998; Mackwell and 
Kohlstedt, 1990; Padrón-Navarta et al., 2014). In addition, the different point defects 
may interact with one another inside the crystal (e.g. Padrón-Navarta et al., 2014), 
thus creating or annihilating hydroxylated sites. Understanding these issues, both in 
terms of equilibrium and kinetics, is necessary both for interpreting hydrogen in 
natural olivines and designing future experiments. 
 
2.1.2 Methods 
2.1.2.1 Preparation of starting material 
The first H diffusion experimental set targeted pure forsterite that had been 
doped with Ti by diffusion. This was a follow-on study from that which is presented 
in Chapter 1.7. The next experimental set used synthetic forsterite that was grown 
with small amounts of Cr4+ as a dopant (grown for lasing purposes). This Cr:forsterite 
did not require any preparation; it was simply cut into oriented cubes as with the Ti-
doped forsterite.  
 
2.1.2.1.1 Ti doped forsterite 
Pure synthetic forsterite (grown by the Czochralski method, as used in the 
previous chapters, was doped with 350-400 ppm Ti by diffusing this element into the 
crystal until a near constant concentration was reached throughout. Oriented slabs of 
approximately 1x3x12 mm were cut from a single crystal of pure forsterite with the 
shortest axis corresponding to [001], i.e. the largest face of the slab was parallel to 
(001). This orientation was chosen because Ti diffuses fastest along [001] (Spandler 
and O’Neill 2010; Chapter 1.7). A pre-sintered powder of forsterite-karooite-
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geikielite (Mg2SiO4-MgTi2O5-MgTiO3) was mixed with polyethylene oxide glue and 
pasted onto the two (001) faces; this three-phase mix was chosen as it gave the fastest 
Ti diffusion at 1500 °C without any partial melting (Chapter 1.7). The crystal-powder 
couple was then annealed in a gas mixing furnace at very low fO2 (QFM-5.2; 97% CO 
- 3% CO2) for ~6 weeks at 1500 °C to allow the Ti to homogenise through the crystal 
by diffusion on the M-sites. The powder partially sintered to the slab surface; this was 
removed by gentle polishing. This also likely removed any areas of high Ti associated 
with Ti diffusion on the T-sites. The doping gave the crystal a slight bluish hue. The 
slab was then cut into 1x1x1 mm cubes parallel to the slab edges such that each cube 
was oriented with faces representing (001), (010) and (100).  
 
2.1.2.2 Characterisation of starting material 
A cube of Ti-doped forsterite was mounted in epoxy, ground down by around 
300 µm to reveal the crystal core, and analysed from rim to rim (whole crystal 
traverse) by LA-ICP-MS using the conventional slit-shaped beam (as described in 
Chapter 1.1). 47Ti was counted for 0.3 s, 57Fe and 27Al (likely contaminants) for 0.05 s 
and 29Si (internal standard) for 0.01 s.  
 
 
Figure	  2.1.1:	  Laser	  ablation	  ICP-­‐MS	  transects	  across	  the	  starting	  material.	  The	  Ti	  profile	  has	  ~100	  ppm	  
variation	  from	  core	  to	  rim	  along	  [001].	  Also	  note	  the	  change	  in	  Al	  concentration;	  Al	  shows	  a	  step	  from	  
around	  8	  to	  14	  ppm.	  The	  dip	  in	  concentration	  at	  the	  centre	  of	  the	  [001]	  profile	  is	  from	  ablating	  over	  
the	  pre-­‐existing	  laser	  track	  along	  [100].	  	  
	  
Full homogenization (along [001]) had not occurred (Figure 2.1.1); the core 
(~350 ppm) was slightly lower in Ti than the rim (400 ppm). In addition, the Al 
concentration profile showed some heterogeneity; one side of the crystal had 
approximately double the Al concentration than the other. The Al profile is comprised 
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of two flat sections; one side of the crystal has 7.7±1.1 ppm and the other 13.9±2.3 
ppm. The reason for this behaviour is unknown; it may be that the Czochralski growth 
method led to some minor sector zoning in the original crystal. The small amount of 
Fe (10-50 ppm) is likely from contamination in the gas-mixing furnace; this is 
expected to be all Fe2+ at the very reducing conditions of the Ti doping step (e.g. 
Mallmann and O’Neill, 2010). 
The Cr:forsterite was analysed in a similar way. A cube was mounted in 
epoxy, polished, then the laser scanned across the whole crystal, counting 53Cr for 0.3 
s on the ICP-MS. The Cr:forsterite contains 159±4 ppm Cr, along with 16.8±0.9 ppm 
Al and 5.5±0.5 ppm Fe.  
 
2.1.2.3 Conducting diffusion experiments 
2.1.2.3.1 Low temperature experiments (up to 1000 °C) 
Previous experiments to determine the diffusion of hydrogen in minerals have 
been hampered by the difficulty of recovering whole, uncracked crystals from the 
piston cylinder or cold-seal vessels after diffusion anneals (e.g. Demouchy and 
Mackwell, 2003, 2006). The method used in this study, once refined, had a 100% 
success rate of crystal recovery. Large (6.3 mm outside diameter) thick-walled, cold-
swage silver capsules were used; the capsule and snug-fitting lid were precision-
milled from a solid bar of high-purity silver (Figure 2.1.2).  
 
 
Figure	  2.1.2:	  Experimental	  design.	  Top:	  schematic	  diagram	  of	  thick-­‐walled,	  swaged	  Ag	  capsule	  
containing	  a	  solid	  state	  fO2	  buffer,	  a	  chemical	  activity	  buffer	  (forsterite	  +	  enstatite	  or	  periclase)	  and	  
one	  or	  two	  oriented	  cubes	  of	  Ti	  or	  Cr-­‐doped	  forsterite.	  Middle:	  capsule	  after	  experiment	  showing	  
swelling;	  this	  suggests	  that	  pressure	  is	  hydrostatic	  inside	  the	  capsule,	  protecting	  the	  crystal	  from	  
impingement	  or	  shearing.	  Bottom:	  transmitted	  light	  image	  of	  a	  double	  polished	  forsterite	  crystal	  
post-­‐experiment	  (hydrol1).	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The capsule design and specifications are presented in Hack and Mavrogenes 
(2006). Cubes of Ti- or Cr-doped forsterite were placed inside the capsules in a buffer 
of either forsterite+enstatite or forsterite+periclase (sintered from reagent grade MgO 
and SiO2 powders, pressed into pellets, fired at 1400 °C in air then reground). fO2 
buffers were packed into the capsule before the silica activity buffer. 
The capsules were filled to around 80-90% of their inside volume with the 
powder-crystal mix, then distilled water was added using a syringe until free water 
was visible on the top of the powder. Where too much water was added, the excess 
was removed using the corner of a tissue. The remainder of the capsule was then 
filled with the two-phase buffer powder. A lid was then placed inside the capsule, and 
pressed shut using a custom swaging tool. Excess Ag (the capsule is slightly 
deformed through swaging) was removed from the side of the capsule using a lathe to 
return it to a good cylindrical shape. 
The amount of water added was very approximately calculated to fill the 
capsule (minus the volume of the crystal and powder) at peak anneal conditions using 
P-V-T values from Zhang and Duan (2005). In order to recover a crystal without 
cracks from shearing or torsion in the piston cylinder, it is important that the capsule 
should not deform excessively at any stage of the P-T path of the ramp-up. The large 
excess of water keeps the three-phase buffer material as a fairly loosely bound 
powder, which helps removing the crystal from the capsule after the run without the 
necessity for any mechanical abrasion. The use of large silver capsules allows some 
flexibility; slightly too much water can be added without leakage, the excess being 
taken up by the capsule swelling into a barrel shape rather than losing their water 
(Figure 2.1.2). This represents a considerable improvement on previous designs using 
welded gold capsules; the capacity of the silver to stop leakage or H diffusion-out is 
significantly better (the walls are thicker), and, because no welding is necessary, more 
water can be added. Also, silver is at present around 75 times cheaper than gold 
(www.xe.com). The diffusivity of hydrogen is similar in both materials (Chou, 1986). 
The main advantage of gold over silver is the 100 ºC higher melting point. 
The capsules were run in an end-loaded 5/8” (15.9 mm) Boyd-type piston-
cylinder apparatus using MgO-graphite-NaCl assemblies wrapped in low-friction 
Teflon foil. About 0.2 GPa pressure was applied initially at room temperature, before 
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temperatures were ramped up at 100 °C/min, monitored continuously using a type B 
thermocouple sheathed in mullite, with the bead placed in intimate contact with the 
capsule by fitting into a pit drilled into the capsule lid. The pressure was increased 
concordantly with the temperature, in order to approximately follow the water 
isochore. The high thermal conductivity of silver coupled with the presence of a fluid 
phase keep thermal gradients extremely low (5-10 °C) along the length of the capsule 
(Hack and Mavrogenes, 2006), despite being considerably longer (~12 mm) than 
average capsules used in high temperature experiments. 
Following decompression at the end of the run, the capsules were retrieved 
and pierced using a 1 mm drill bit to verify the presence of water. The top and bottom 
of the capsule was removed using a lathe, and the open cylinder was then placed into 
an ultrasonic bath to loosen the powder. Generally the three-phase buffer powder and 
crystal simply fell out, but where it did not the powder was picked out using tweezers. 
The cube was further cleaned ultrasonically, oriented using the characteristic Si-O 
overtones in its FTIR spectrum (e.g. Lemaire et al., 2004; Asimow et al., 2006), 
mounted in epoxy, and polished on two sides to around 400-600 µm thickness using a 
diamond-impregnated grinding wheel, followed by diamond paste on cloth laps. No 
attempt was made to remove crystals from the epoxy after polishing. 
 
2.1.2.3.2 Medium temperature (1000-1100 °C) experiments 
To avoid complications arising from the melting point of silver, cold sealed 
capsules were also made from Cu, which has a melting point around 100 °C higher. 
The dimensions were slightly different (9 mm outside diameter by 12 mm length – 
“Jollands-size” – Figure 2.1.3, below)– the copper capsules were designed to be wider 
and shorter (optimised for holding either several, or large crystals, for a different set 
of experiments). The experimental preparation was the same as when using Ag 
capsules (low temperature experiments). The only difference was that these 
experiments were conducted in ¾ ” (19 mm) pressure vessels using talc rather than 
NaCl as a sleeve, and the amount of water added corresponded to around 50 % 
saturation rather than 80-90 % for the lower temperature experiments. 
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Figure	  2.1.3:	  Cross	  section	  and	  photo	  of	  9mm	  diameter	  “Jollands-­‐size”	  capsules	  and	  lid,	  in	  both	  
copper	  and	  silver.	  Swaging	  the	  lip	  over	  the	  lid	  using	  a	  custom-­‐made	  tool	  closes	  the	  capsule.	  
 
	  
2.1.2.3.3 High temperature (1200-1300 °C) experiments 
Given that both Cu and Ag are molten at >~1100 °C (depending on pressure), 
Pt capsules were used for higher temperature experiments (either 5 mm or 3.5 mm 
diameter). To avoid difficulties with welding Pt containing free water, silicic acid 
(SiO2.xH2O) was used as the water source – this is expected to break down at the run 
conditions to SiO2 and free H2O. 
Single crystals were packed (with known orientation) into a mix of 
SiO2.xH2O, NiO and Ni metal to buffer the fO2 at either Ni-NiO or Ni-SiO2-Ni2SiO4 
(O’Neill, 1987) and the aSiO2 at fo-prEn, assuming that the forsterite crystal rapidly 
reacts with the SiO2 at the crystal-powder interface to form protoenstatite. Ideally, the 
aSiO2 buffer powder would be pre-sintered fo-prEn, but using silicic acid is a much 
simpler method as it also adds H2O. 
The Pt capsules were crimped, then arc-welded under an Ar gas flow. These 
were then placed into MgO-graphite-Pyrex-NaCl assemblies in 5/8” pressure vessels, 
and run in the piston-cylinder as with the low-temperature experiments. 
Following anneals, the crystal-powder had sintered, so the crystals were 
exposed by mounting the whole capsule in epoxy, and then doubly polishing to reveal 
the crystal surrounded by buffer powder and Pt.  
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2.1.2.4 FTIR analysis 
2.1.2.4.1 Unpolarised 
The mounts holding the doubly polished crystals were placed onto an 
automated mapping stage on a Bruker Hyperion IR microscope with a liquid nitrogen-
cooled MCT detector coupled to a Bruker Tensor IR spectrometer. The measurement 
chamber was continuously purged with dry air. Measurements were generally 
composed of 128 scans with an effective spectral resolution of 2 cm-1 between around 
4000-1000 cm-1 (mid infrared). Backgrounds were taken in air. 
Two different analytical routines were used. In ‘profile’ mode, the aperture 
was closed into a ~25x200 µm slit and analyses were taken every 5 µm along a line 
from one side of the crystal to the other. This was advantageous in terms of the high 
spatial resolution and favourable signal to noise ratio, but implicitly assumes that 
diffusion was effectively one-dimensional along the length of the slit. This 
assumption might not be satisfied in such experiments where the diffusant (hydrogen) 
moves into the crystal from all sides, which would give diffusion profiles differing in 
shape from theoretical expectations, and perhaps not reaching zero concentration in 
the middle of the crystal due to interference from diffusion from the other sides. 
Accordingly, some crystals were also examined in two dimensions, with a 50x50 µm 
square aperture that mapped the entire crystal with a 25-30 µm steps, such that all 
analyses were overlapping. This method has poorer spatial resolution but gives 
greater confidence that the profiles are one-dimensional. In Chapter 2.2 (H diffusion 
in Ti-doped forsterite) the diffusion coefficients were all determined from subsets 
extracted from maps, and in Chapter 2.3 all coefficients were determine in profile 
mode. This leads to lower errors from curve fitting in Chapter 2.3; the majority of 
uncertainty on distance is removed. 
Asymmetrical diffusion profiles (discussed later) could only be analysed using 
the profile mode; the spatial resolution of the mapping mode was too poor to resolve 
the short diffusion profiles associated with the asymmetry.  
Spectra were corrected for atmospheric H2O and CO2 using Bruker OPUS 
software, and the background subtracted using a concave rubberband correction with 
64 baseline points and three iterations. Given that polishing induced some minor 
topography in the sample (thicker in the centre, thinner at the edges), the spectra were 
then normalized to 1 cm thick using the empirical relationship of Shen et al. (2014) 
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derived from the integrated area underneath the Si-O stretching band region. The 
integrated area (Aint) of these overtones between 1625-2150 cm-1 is related to 
thickness (Tsample) using Tsample (µm) = Aint/0.553. Analyses with epoxy contamination 
(at the crystal edge) were removed; these were identified both by the failure of the 
concave rubberband to fully remove background in the O-H region (3100-3600 cm-1) 
as well as the characteristic overtones of organic material. Such spectra were removed 
from consideration. The ‘interface’ spectra therefore represent the average spectra in 
the first 25 µm when analyzing in profile mode, or the first 50 µm in mapping mode 
(the assumption is made that the midpoint of the first analysis is at 12.5 µm from the 
edge in profiles and 25 µm in maps). 
 
2.1.2.4.2 Polarised 
In order to determine total integrated absorbance (i.e. the sum of polarised 
absorbance along the three orthogonal principal directions of the indicatrix), the 
polarization of each hydrous defect was determined by rotating a single crystal 
through 180° or 360°, usually in 7.5° steps, below a stationary E-W polarizer, with a 
square 50x50 µm aperture, and taking a series of infrared spectra. After each rotation, 
the aperture was also rotated, such that one edge of the aperture was always parallel 
with the crystal edge, and the stage was moved so that the location of each analysis 
was the same. The number of scans, resolution and corrections was otherwise the 
same as for the unpolarised measurements. 
 
2.1.3 Treatment of diffusion profiles 
Where traverses were conducted across the entire length of the crystal and 
diffusion was symmetrical, concentration-distance profiles were fit to the solution for 
one-dimensional diffusion from an infinite source into a finite slab from Carslaw and 
Jaeger (1959); this is the same solution used by Demouchy and Mackwell (2003) in 
similar experiments: 
 
C(x) = (Crim - Ccore ). erfc 
x
4Dt
+  erfc X-x
4Dt
⎛
⎝⎜
⎞
⎠⎟
+Ccore  
(	  2.1:1	  )	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Where the analytical traverse only covered a small portion of the crystal, i.e. 
where the diffusion distances were very short or the diffusion was asymmetrical, the 
simple equation for one-dimensional diffusion into a semi-infinite slab was used (e.g., 
Crank 1975), as used throughout the previous section (see Chapter 1.1): 
 
C(x)=(Crim −Ccore ).erfc
x
4Dt
+Ccore  
(	  2.1:2	  )	  
 
 
The terms in these two equations are as defined in Chapter 1.1, the only 
difference is X, which describes the total width of the crystal. 
Integration of the wide, low hydroxylated M-site peak often gives a very 
slightly negative (~0 to -0.1) instead of zero value (due to data scatter), hence the Ccore 
term is used to compensate for this. In all experiments, the total integrated absorbance 
in the OH region (sum of all defects) could be satisfactorily fitted to these equations. 
The errors on logD were determined manually using the estimated maximum and 
minimum values that allowed fits within the data scatter, corroborated using the curve 
fitting app on Matlab (MathWorks) which quotes 95% confidence limits for curve 
fits. Insofar as these uncertainties correspond to approximately 95% confidence 
limits, they should be approximately equivalent to two standard deviations. 
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2.2 Hydrogen diffusion in Ti-doped forsterite and the preservation 
of metastable point defects 
 
This chapter is published in abridged form as: Jollands, M. C., Padrón-Navarta, J. 
A., Hermann, J., & O’Neill, H. S. C., 2016. Hydrogen diffusion in Ti-doped forsterite 
and the preservation of metastable point defects. American Mineralogist, 101, 1560-
1570. 
 
Abstract 
Forsterite doped with 350-400 ppm Ti (predominantly octahedral Ti3+, minor 
tetrahedral Ti4+) was prepared by diffusing Ti into pure synthetic forsterite at high 
temperature (1500 °C), very low oxygen fugacity (~QFM-5) at atmospheric pressure. 
This preparation gave an almost homogeneous Ti distribution with a well-controlled 
point defect population. The Ti-doped forsterite was then diffusively hydroxylated in 
a piston-cylinder apparatus at much lower temperatures (650-1000 °C) and higher 
oxygen fugacities, at 1.5-2.5 GPa, with partial pressure of H2O equal to total pressure. 
This produced hydrogen diffusion profiles of several hundred micrometres in length. 
Diffusion of hydrogen through the Ti-doped forsterite, even at very high fO2, 
does not lead to redox re-equilibration of the high Ti3+/ΣTi ratio set during the 
synthesis of the starting material at extremely reducing conditions. This shows that 
hydroxylation at the temperatures of the experiments is a metastable process, in which 
the pre-existing trace-element and/or point defect structure is largely preserved. 
However, the addition of hydrogen causes Ti4+ to move from the tetrahedral to the 
octahedral site, forming a point defect with the stoichiometry of an isolated unit of the 
Ti-clinohumite structure (called here a titano clinohumite point defect). As a result, 
the point-defect structure can be modified on the unit-cell scale. Ti3+ begins as, and 
remains, octahedrally coordinated, but exchanges charge-balance by metal vacancy 
for charge-balance by hydrogen. In each experiment, the concentration-distance 
profiles (i.e. diffusion plus reaction profiles) of these two hydroxylated Ti defects 
coincide with the concentration-distance profiles of the metal vacancy substitution, 
with the same crystallographic anisotropy, suggesting that the macroscopic movement 
of hydrogen through the crystal is due to one diffusion mechanism. The net H 
diffusion coefficient, between 650-1000 °C, is: 
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logD(ΣH) = logD0(ΣH)+
−223( ± 8)kJmol−1
2.3RT
⎛
⎝⎜
⎞
⎠⎟
 
 
Where D0[100] =-3.04±0.4 and D0[001]=-2.18±0.4; diffusion is faster along the c axis 
([001]) than the a axis ([100]). 
Hydrogen diffusion profiles represent a complex interplay between the 
movement of H through the crystal lattice and point-defect reactions to maintain 
charge balance, which may include rearrangements of site occupancies. Such 
reactions may be the rate-determining step for H diffusion. As a result, the diffusion 
of hydrogen into Ti-doped forsterite is faster than diffusion-out of hydrogen in a 
similar system. The implication for natural olivines is that diffusion coefficients 
derived from diffusion-in experiments may not be appropriate to describe 
dehydroxylation, for example of phenocrysts or olivine in xenoliths. 
Extrapolation of the H diffusion profiles to the crystal interface gives the 
metastable equilibrium concentration of the forsterite at the P, T, and f(H2O) 
conditions of the experiment, subject to the constraints of the amounts of Ti3+ and Ti4+ 
in the starting material, which impose upper limits on the maximum hydroxyl 
concentration associated with these cations; this leads to sigmoidal, rather than 
exponential, relationships between temperature or f(H2O) and hydrous defect 
concentration. Similar saturation of available trace-element controlled substitution 
sites is expected in natural olivines where hydroxylation occurs by diffusion rather 
than by some mechanism that allows global equilibrium, such as pervasive 
recrystallization. 
 
2.2.1 Introduction 
In this study, we aim to determine if small amounts of titanium affect the rates 
and mechanisms of H diffusion. We use findings from an extensive study of Ti 
diffusion in forsterite (Chapter 1.7) to prepare forsterite crystals with a given amount 
of Ti, and a point-defect structure that is relatively well constrained and 
homogeneous.  
The coupled hydrogen-titanium substitution studied here may also be an 
important mechanism for transport of water into the upper mantle (Hermann et al., 
	   203	  
2007; Shen et al., 2014; Wirth et al., 2001) and storage of water in olivine therein 
(Berry et al., 2005, 2007b; Walker et al., 2007).  
  
2.2.2 Methods 
The ‘low temperature’ experimental setup described in Chapter 2.1 was 
developed specifically for this study, following on from the preliminary experiment 
designed to hydroxylate a Ti diffusion profile presented in Chapter 1.7. Experiments 
were conducted between 650-1000 °C, generally at 1.5 GPa, buffered by Re-ReO2 
(fO2) and forsterite-enstatite (aSiO2). Some experiments were also conducted to test 
the effect of pressure, aSiO2 and fO2 at 850 °C – all experimental parameters are 
given in Table 2.2.1 along with the determined diffusion coefficients and integrated 
FTIR peak areas at the crystal – fluid interface. 
Analyses were conducted using FTIR, both unpolarised – for determining 
diffusion coefficients and interface concentrations, and polarised – for determining 
relative absorbance of each defect as a function of crystal orientation. 
2.2.3 Results 
2.2.3.1 Infrared spectra 
Several interface spectra were fitted to a series of ideal peaks (Figure 2.2.1), 
assumed as Gaussian, using the freeware OpticalFit, developed by, and available 
from, CSIRO Australia (MacRae and Wilson, 2008). All fitted peaks are considered 
to correspond to real absorption peaks in the spectra, with the exception of the low, 
broad peak at 3252cm-1; this is added to compensate for inadequate baseline 
subtraction in this region. The most prominent peak in interface spectra is always at 
3351 cm-1, with a shoulder formed by a peak at 3349 cm-1 and an associated low peak 
at 3313 cm-1. These peaks are attributed to OH groups associated with Ti3+ on the M 
sites. The most likely substitution mechanism for this defect is a Ti3+-H+ pair 
replacing 2 Mg2+ on the octahedral sites (e.g. Berry et al., 2007a), herein [Ti-triv]. 
This [Ti-triv] defect has the stoichiometry (Ti3+H)SiO4. The peaks were speculatively 
examined by Berry et al (2007a), who determined that a single trivalent cation-
hydrogen pair can give up to three hydroxyl bands where the trivalent cation 
substitutes on both the M1 and M2 sites, due to the geometry of shared edges between 
octahedra. 
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Figure	  2.2.1:	  A	  spectrum	  from	  the	  infrared	  O-­‐H	  stretching	  (normalized	  to	  1cm	  thickness)	  region	  
deconvoluted	  into	  Gaussian	  distributions.	  Parameters	  a,	  b	  and	  c	  (inset	  table)	  reflect	  the	  position,	  
height	  and	  width	  of	  the	  curves	  according	  to	  the	  Gaussian	  equation.	  The	  main	  peak	  at	  3351	  cm-­‐1	  is	  
deconvoluted	  into	  two,	  with	  a	  lower,	  slightly	  broader	  peak	  at	  3349	  cm-­‐1	  giving	  a	  lower	  wavenumber	  
shoulder.	  The	  low	  peak	  at	  3252	  cm-­‐1	  is	  added	  to	  compensate	  for	  poor	  baseline	  subtraction	  in	  this	  
region.	  Also	  shown	  are	  residuals	  between	  spectrum	  (black	  line)	  and	  simulation	  (red	  dotted	  line).	  
	  
The possibility for an [Al-triv] defect is present (~10 ppm Al in the crystal), 
but there is no indication of this in the spectra (Al3+-associated OH- has a band at 
3345 cm-1 (Berry et al., 2007a). Fe3+-associated OH- is also ruled out, firstly because 
the Fe content in the crystal is low (~20-30 ppm) and secondly because previous work 
in a similar system showed the [Ti-triv] peak directly related to the bulk Ti 
concentration (Chapter 1.7).  
The three peaks at high wavenumbers (3571, 3553 and 3524 cm-1) are 
attributed to the Ti-clinohumite point defect (MgTi4+H2O4), herein [TiCh-PD], where 
a Ti4+ ion replaces a single Mg2+, and charge balance is accomplished by replacement 
of Si4+ with 2 H+ (Balan et al., 2011; Berry et al., 2005; Walker et al., 2007). The 
[TiCh-PD] group is generally described as a doublet with only the higher and lower 
wavenumber peaks, but the central peak at 3553 cm-1 is also present in the high aSiO2 
spectra of Berry et al. (2005).  
The low, broad peak at 3164 cm-1 is attributed to fully hydroxylated M-site 
vacancies; a single Mg2+ cation replaced by two H+ often observed in similar studies 
(Balan et al., 2011; Demouchy and Mackwell, 2003, 2006). This defect is notated 
herein as [Mg]. 
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After defining the three hydroxylated defect populations ([TiCh-PD], [Ti-triv], 
[Mg]), the integrated areas underneath each set of peaks were directly determined by 
measurement from the spectra. 
 
2.2.3.2 Determining water content 
In order to determine total integrated absorbance (i.e. the sum of polarised 
absorbance along the three orthogonal principal directions of the indicatrix), the 
polarization of each hydrous defect was determined by rotating the single crystal 
through 180° below a stationary E-W polarizer and taking a series of infrared spectra. 
The start and end of the series corresponded to the electric vector parallel to [100] 
(E//[100]), with E//[001] when the crystal was rotated 90°. This was then repeated 
with an orthogonal section, rotating the crystal such that E//[010] and E//[001]. Polar 
plots are presented in Figure 2.2.2. 
 
 
Figure	  2.2.2:	  Left:	  Polarised,	  principal	  axis	  spectra	  taken	  from	  the	  interface	  (50x50	  μm	  aperture)	  of	  
single	  diffusion	  experiment	  (2	  perpendicular	  cuts),	  normalized	  to	  1cm	  thickness.	  Right:	  polar	  plots	  of	  
each	  defect	  (three	  rows)	  taken	  in	  two	  perpendicular	  cuts	  (two	  columns).	  The	  TiCh	  defect	  is	  almost	  
absent	  when	  the	  crystal	  is	  cut	  parallel	  to	  (100),	  hence	  this	  plot	  is	  missing.	  The	  [Ti-­‐triv]	  defect	  is	  
comprised	  of	  two	  peaks	  with	  the	  opposite	  polarization.	  Black	  lines	  in	  the	  polar	  plots	  are	  the	  
theoretical	  angular	  distributions	  according	  to	  A(θ)=Amaxcos2θ+	  Aminsin2θ.	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As has been observed before (although not always interpreted as such), the 
absorption associated with [TiCh-PD] is strongly polarized with the maximum 
absorbance when E//[100] (Kitamura et al., 1987; Koch-Muller et al., 2006; Miller et 
al., 1987; Padrón-Navarta et al., 2014; Walker et al., 2007). 
The orientation of the absorber associated with [Mg] is perpendicular to that 
associated with [TiCh-PD] on the (010) plane. The strongest absorbance of [Mg] is 
observed when E//[001], in accordance with theoretical calculations (Balan et al., 
2011).  
[Ti-triv] is deconvoluted into two peaks with opposite polarization; the 
strongest peak (3349 cm-1) shows strongest absorbance when E//[100] and the weaker 
peak is strongest when E//[001]. This is the first determination of polarization of this 
defect; Ti3+ was not among the trivalent cations considered in the ab-initio modelling 
of M3+-H+ substitutions by Zhang and Wright (2010).  
Using the known polarization of the defects, defect-specific correction factors 
can be simply determined to convert unpolarised absorbance measured in sections 
parallel to the (010) face (ΣAbs(010)) to total absorbance (i.e. the sum of polarised 
spectra measured in three mutually perpendicular directions; ΣAbs). The correction 
factors for each defect are: 
 
∑Abs[Mg]=Abs[Mg],(010) × 2.09  (	  2.2:1	  )	  
 
∑Abs[TiCh-PD]=Abs[TiCh-PD],(010) ×1.97  (	  2.2:2	  )	  
 
∑Abs[Ti-triv]=Abs[Ti-triv], (010) × 2.28  (	  2.2:3	  )	  
 
Note that the correction factors for [Mg] and [TiCh-PD] are ~2; this is a 
function of near zero absorbance parallel to [010]. Several calibrations exist to 
convert total integrated absorbance to quantified hydrogen content usually either as 
ppm H2O by weight or atomic proportion of H relative to Si, e.g. H/106Si. Most of 
these calibrations are assumed to apply to all OH in a given mineral, that is, they are 
“mineral-specific” (Bell et al., 2003; Withers et al., 2012) but there is evidence that 
different substitution mechanisms require different absorption coefficients (Kovács et 
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al., 2010). In this study, we use both the calibrations of Bell et al. (2003) and Kovács 
et al (2010). In the former, the total integrated absorbance in the O-H stretching 
region is normalized to 1cm thick then average integrated absorbance multiplied by 
0.188 to give ppm (wt) H2O. In the latter, the normalized integrated absorbance 
associated with trivalent cations and [TiCh-PD] are multiplied by 0.18, and the 
absorbance associated with [Mg] is effectively omitted (the absorption coefficient was 
determined as 0.03±0.03).  
However, because the determination of these absorption coefficients is still a 
matter of debate, ‘water’ contents will be presented predominantly as integrated 
absorbance measured in the (010) plane. The calculated water contents (at the crystal 
edge) using both calibrations are given in Table 2.2.1 only.  
 
2.2.3.3 Interface OH concentrations 
 
 
Figure	  2.2.3:	  	  Logarithm	  of	  integrated	  absorbance	  (unpolarised	  light,	  normalized	  to	  1cm	  thickness)	  at	  
the	  crystal	  edge	  as	  a	  function	  of	  inverse	  temperature.	  a)	  individual	  defects,	  all	  fo-­‐en	  buffered.	  [Ti-­‐triv]	  
and	  [Mg]	  show	  exponential	  increases,	  [TiCh-­‐PD]	  does	  not.	  b)	  total	  absorbance.	  Oxygen	  fugacity	  does	  
not	  affect	  interfaces,	  pressure	  and	  aSiO2	  have	  an	  effect	  (850	  °C	  data).	  	  
	  
The concentrations of H2O extrapolated to the crystal/fluid interface should be the 
equilibrium concentrations towards which diffusion progresses. Clearly in these 
experiments this is not a global equilibrium but a metastable one, determined by the 
initial state of the crystal as imposed during its preparation at 1500 ºC (i.e. Ti3+ should 
no be present at Re-ReO2 buffered conditions). 
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The total concentration of hydrous defects at the interface (i.e. the total integrated area 
of peaks in the O-H region) increases exponentially as a function of increasing 
temperature (Table 1, Figure 2.2.3b). The [Ti-triv] and [Mg] defects show similar 
relationships (Figure 2.2.3a).  The concentration of H associated with [TiCh-PD], 
however, changes only a little as temperature increases, with considerable scatter.  
The interface concentrations of all the defects increase with increasing pressure 
(Table 1; Figure 2.2.3b). Decreasing aSiO2 leads to lower OH concentration at the 
interface, but the change is almost entirely taken up by [Ti-triv]. 
 
	  
	  
Figure	  2.2.4:	  	  The	  effect	  of	  aSiO2	  and	  fO2	  on	  FTIR	  spectra	  (left)	  and	  diffusion	  profiles	  (right).	  The	  [Ti-­‐
triv]	  peak	  (3351cm-­‐1)	  remains,	  even	  in	  very	  oxidized	  conditions,	  with	  no	  change	  between	  Ag-­‐Ag2O	  and	  
Re-­‐ReO2	  buffered	  conditions.	  Red	  lines	  are	  fit	  to	  the	  error	  function.	  
	  
2.2.3.4 Defect specific diffusion 
With the exception of the ‘two-slope’ sides of asymmetrical profiles 
(discussed below), the integrated areas corresponding to each of the three substitution 
types could be individually fitted as a function of distance to equations ( 2.1:1 ) or ( 
2.1:2 ). A series of FTIR spectra measured across a crystal transect is presented in 
Figure 2.2.5, and a map, plus extracted, fitted profiles from all defects along both 
[001] and [100] is shown in Figure 2.2.6. 
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Figure	  2.2.5:	  Variation	  in	  IR	  spectra	  in	  the	  O-­‐H	  stretching	  region	  across	  [001]	  of	  hydrol10	  (1000	  °C	  
experiment).	  For	  clarity,	  this	  is	  a	  subsample	  (~25	  %)	  of	  the	  total	  measurements	  from	  this	  axis.	  All	  
spectra	  are	  normalized	  to	  1cm	  thickness	  using	  integrated	  area	  of	  Si-­‐O	  bands	  (1625-­‐2150	  cm-­‐1)	  to	  
eliminate	  artefacts	  from	  polishing	  on	  cloth	  (causing	  the	  crystal	  to	  be	  thinner	  at	  the	  edges).	  
	  
 
The results of curve-fitting are shown in Table 2.2.1. In all cases except 
perhaps experiment hydrol4 (2.5 GPa, 850 °C), the apparent diffusion coefficients of 
H associated with the three different defect substitution mechanisms overlap within 
error. In the hydrol4 experiment, the [TiCh-PD] concentration-distance profile is 
slightly longer than the profile associated with either [Ti-triv] or [Mg], but the 
difference between error bar tips is equivalent to only 0.1 in logD. Notably, the 
anisotropy of H diffusion shown by the three defects is the same. In all cases, 
diffusion is faster along [001] than [100]. 
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Figure	  2.2.6:	  Hydrol3	  (950	  °C	  experiment)	  mapped	  with	  50x50	  μm	  aperture,	  30	  μm	  step.	  Top:	  map	  of	  
integrated	  area	  under	  trivalent	  peaks	  extracted	  from	  Bruker	  OPUS	  software,	  scaled	  between	  0-­‐90.	  
The	  edge	  of	  the	  crystal	  appears	  white	  due	  to	  spectral	  contamination	  from	  epoxy	  resin.	  Lower	  left:	  
[001]	  profile	  extracted	  from	  map,	  including	  fits	  of	  integrated	  area	  of	  [Ti-­‐triv],	  [TiCh-­‐PD]	  and	  [Mg]	  
peaks	  to	  equation	  (	  2.1:1	  ).	  Lower	  right:	  [100]	  profile	  extracted	  and	  treated	  in	  the	  same	  way.	  The	  large	  
aperture	  and	  step	  size	  in	  mapping	  mode	  is	  not	  fully	  appropriate	  for	  such	  short	  profiles;	  diffusivity	  is	  
underestimated.	  
	  
	  
2.2.3.5 Asymmetrical profiles 
All [001] profiles from 850 °C and 950 °C experiments show some 
asymmetry, with one side showing higher [TiCh-PD] and lower [Ti-triv] defect 
concentrations than the other. This behaviour is not observed in the 1000 °C 
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experiment. Whether it is seen in the 650 °C and 750 °C experiments is not clear; the 
hydroxyl concentrations are too low to resolve the behaviour of each defect. 
 
 
Figure	  2.2.7:	  Example	  of	  a	  [001]	  profile	  (hydrol4)	  showing	  asymmetry.	  The	  right	  hand	  side	  of	  the	  
profile	  allows	  fits	  to	  the	  error	  function	  for	  each	  individual	  defect.	  The	  left	  hand	  side	  does	  not;	  the	  
steep	  inflection	  in	  [TiCh-­‐PD]	  concentration	  at	  the	  interface	  precludes	  fits	  to	  a	  single	  error	  function.	  
The	  left	  side	  of	  the	  profile	  also	  includes	  a	  short	  diffusion	  profile	  of	  a	  peak	  at	  3428	  cm-­‐1.	  Interface	  
spectra	  are	  also	  shown;	  the	  spectrum	  from	  the	  left	  (a)	  has	  lower	  [Ti-­‐triv]	  peaks	  and	  higher	  [TiCh-­‐PD]	  
and	  [Mg]	  peaks	  than	  the	  right	  hand	  spectrum	  (b),	  as	  well	  as	  the	  peak	  at	  3428	  cm-­‐1.	  Also	  note	  (a)	  
suffers	  from	  a	  higher	  baseline	  in	  the	  [TiCh-­‐PD]	  region.	  
	  
 
In these profiles, the high [TiCh-PD]/low [Ti-triv] side shows concentration-
distance profiles that cannot be fitted to the theoretical equations ( 2.1:1 ) or ( 2.1:2 ). 
This side of the profile is also associated with a low, sharp peak at 3428 cm-1. An 
example of such a profile is shown in Figure 2.2.7; the relative [Ti-triv]:[TiCh-PD] 
defect ratio is considerably different from one side of the crystal to the other. In such 
profiles, the side where all defects can be individually fitted to equation ( 2.1:2 ) is 
termed ‘simple’ and the side with higher [TiCh-PD] concentrations and mismatch to 
the theoretical diffusion equations is termed ‘two-slope’ given the clear break of slope 
in the profile. All further discussion of diffusion, except where explicitly referring to 
asymmetrical profiles, will address the ‘simple’ sides of the profiles. 
 
2.2.3.6 H diffusion as a function of P, T, aSiO2 and fO2 
Neither fO2 nor aSiO2 have any influence on the rate of hydrogen diffusion, within 
error (Table 2.2.1, Figure 2.2.4). Although only two pressure conditions were 
investigated, the effect of pressure on the diffusion of hydrogen is constrained to be 
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small (Figure 2.2.8, Table 2.2.1), and given the lack of outside-error difference in 
diffusion coefficients between the 1.5 GPa and 2.5 GPa experiments, it is not possible 
to determine any activation volume of diffusion.  
 
 
Figure	  2.2.8:	  The	  effect	  of	  pressure	  on	  diffusion	  ([001])	  and	  incorporation	  of	  hydrogen.	  From	  1.5	  to	  
2.5	  GPa,	  the	  total	  OH	  solubility	  increases	  by	  60-­‐80	  %.	  The	  concentration	  increase	  is	  taken	  up	  by	  [Mg]	  
and	  [Ti-­‐triv];	  there	  is	  no	  increase	  in	  [TiCh-­‐PD]	  concentration.	  Any	  change	  in	  the	  rate	  of	  diffusion	  with	  
pressure	  is	  less	  than	  the	  uncertainty	  in	  the	  measurements.	  	  
	  
	  	  
Over the 350 °C temperature range investigated, logD ([001], total) increases 
by over three orders of magnitude (Figure 2.2.9). A similar change with temperature 
is seen for diffusion along [100]. Following Demouchy and Mackwell (2003), a 
global fit (using least squares) was performed for [100] and [001] diffusion 
coefficients (total absorbance) to determine the activation energy (EA) and pre-
exponential factor D0 using the relationship logD = logD 0+(EA/2.3RT). We assume 
that EA is the same in each direction (as was not the case for Be diffusion in Chapter 
1.3). The least-squares minimization gives a good fit to the data (excluding the high-
error point at 750 °C), and yields the relationship: 
 
logD(ΣH) = logD0(ΣH)+
−223( ± 8)kJmol−1
2.3RT
⎛
⎝⎜
⎞
⎠⎟
 
(	  2.2:4	  )	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Where log D0[100] =-3.04±0.4 and log D0[001]=-2.18±0.4 m2s-1, i.e. diffusion along 
[001] is one order of magnitude faster than along [100]. The fit is shown as solid 
black lines in Figure 2.2.9. 
 
 
Figure	  2.2.9:	  Arrhenius	  plot	  of	  H	  diffusion	  in	  Ti-­‐doped	  forsterite	  along	  [001],	  black	  circles	  and	  [100],	  
grey	  circles).	  Solid	  black	  lines	  are	  fits	  to	  the	  Arrhenius	  equation,	  assuming	  that	  Ea	  (activation	  energy	  of	  
diffusion)	  is	  the	  same	  along	  both	  axes.	  The	  very	  large	  error	  at	  750	  °C	  is	  because	  the	  experiment	  was	  
too	  short	  to	  produce	  a	  diffusion	  profile	  within	  the	  analytical	  range	  of	  IR	  light;	  this	  experiment	  was	  not	  
included	  in	  the	  fit.	  Also	  shown	  are	  other	  H	  diffusion	  data	  from	  M&K90:	  proton-­‐polaron	  exchange;	  
Mackwell	  and	  Kohlstedt	  (1990),	  DF12:	  hydrogen-­‐deuterium	  exchange;	  Du	  Frane	  and	  Tyburczy	  (2012),	  
D&M(03):	  hydrogen-­‐	  M-­‐site	  vacancy	  coupled	  diffusion	  (forsterite);	  Demouchy	  and	  Mackwell	  (2003),	  
D&M(06):	  hydrogen-­‐	  M-­‐site	  vacancy	  coupled	  diffusion	  (natural	  olivine);	  Demouchy	  and	  Mackwell	  
(2006),	  PN(14):	  Diffusion	  out	  of	  H	  from	  H±Ti	  doped	  forsterite;	  Padrón-­‐Navarta	  et	  al.	  (2014).	  	  
	  
 
2.2.4 Discussion 
2.2.4.1 Previous determinations of mechanisms and rates of hydrogen diffusion 
The diffusion of ‘water’ into or out of olivine occurs by the movement of 
hydrogen ions (i.e. protons), which bond with pre-existing oxygen anions within the 
lattice. This addition of positive charge must be charge-balanced by either diffusion-in 
of a negative species or diffusion-out of another positively charged species. Here we 
use the term “species” to refer to a point-defect identity that may be an ion either on a 
lattice site or interstitial, a vacancy in the lattice, or an electron or electron hole 
(polaron). 
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Conceptually, it might seem reasonable that the fastest mechanism of H 
diffusion in natural olivine is one in which charge-balance is achieved by reducing 
pre-existing Fe3+ to Fe2+ (Kohlstedt and Mackwell, 1998; Mackwell and Kohlstedt, 
1990). The reduction of Fe3+ can be thought of as eliminating polarons (electron 
holes), thus this mechanism may be described as proton-polaron exchange. This 
mechanism depends on the presence of initial Fe3+, whose concentration in natural 
olivines is only at the tens to hundreds of ppm level (e.g. Dohmen and Chakraborty, 
2007; Mallmann and O'Neill, 2009). 
A slower mechanism (although still extremely fast when compared to Mg, Si 
and O diffusion in olivine) uses M-site (octahedral, magnesium/iron site) vacancies 
for charge balance (e.g. Demouchy and Mackwell, 2003; Demouchy and Mackwell, 
2006). The coupled diffusion-in of a vacancy and two protons necessarily removes 
Mg from the crystal, hence this mechanism should depend on chemical potentials; if 
Mg is lost then the reaction should be favoured at low activity of magnesia (MgO). 
Diffusion along this path is anisotropic; fastest along [001], relating to the presence of 
tightly spaced M-site chains along this direction (see Chapter 1.3).  
The last mechanism that does not involve some coupled substitution with an 
alien cation involves vacant tetrahedral sites (Si4+ sites) charge-balanced by four 
protons. Diffusion along this pathway is likely to be close to isotropic; the tetrahedral 
sites are relatively evenly spaced in different crystallographic directions. This 
mechanism displaces silicon from the crystal, so is expected to have the opposite 
dependence on chemical potentials as the M-site pathway. This was recently studied 
in terms of hydrogen diffusion-out by Padrón-Navarta et al. (2014) and found to be 
orders of magnitude slower than diffusion involving M-site vacancies. 
 
2.2.4.2 Defect formation and diffusion mechanisms – this study 
In this and the following sections, equilibria involving point defects will be 
presented in Kröger-Vink notation, as presented in the Appendix. Herein, a fully 
protonated M-site vacancy is notated (2H)Mg× , assuming that the two protons are 
directly on the M-site. Without detailed structural knowledge, which might be 
obtainable by modelling (e.g., Balan et al, 2011, Walker et al. 2007), claiming specific 
site occupancies for the H substitutions is dubious, and the latter substitution could 
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also be written as VMg// + 2Hi• , where an M-site vacancy charge-balances the protons on 
interstitial sites, or VMg// + 2OHO• , with the hydrogen associated with nearby oxygen. 
The actual positions of the H have no effect on the stoichiometry of the point-defect 
reactions, and (2H)Mg× is used here for simplicity.  
To understand the diffusion of H through Nominally Anhydrous Minerals, 
three types of reactions must be considered. Firstly, there is the formation of defects at 
the crystal edge, which represent the equilibrium situation and should give the 
equilibrium concentrations of the defects at the conditions of T, P and chemical 
potentials imposed in the experiments. Note that the equilibrium could be metastable, 
as in this study. In these reactions, free H2O, MgO, O2 etc. are permissible 
components. The second reaction type describes the movement of species through the 
crystal, which is responsible for the macroscopic diffusion. The third type of reaction 
is akin to order-disorder reactions in crystals, and describes the reaction between one 
kind of hydrous defect with an anhydrous component to produce another kind of 
hydrous defect. As such reactions involve transfer only on the unit-cell scale, usually 
they may be expected to be fast relative to the macroscopic transport of material 
through crystals, but this need not always be the case, and perhaps such exchange 
reactions could on occasion be rate-limiting  
The crystal chemistry of the Ti in the starting material, which was synthesized 
at 1500 ºC under anhydrous conditions, can be deduced from previous work. 
Hermann et al. (2005) showed that the substitution of Ti4+ in olivine under anhydrous 
conditions and in the absence of charge-balancing by aliovalent impurities such as 
Al3+ or B3+ occurs as Mg2Ti4+O4, with Ti4+ substituting for Si4+ on the tetrahedral site 
(see also Walker et al. 2007).  
In Chapter 1.7, it was shown that the substitution of Ti in olivine in the 
(anhydrous) experimental conditions used in the Ti-doping stage can be described by 
Mg2Ti4+O4 and 
  
(Ti4 / 33+ [vac]2 / 3)SiO4 , that is, Ti4+ on the T-sites at 15-20 ppm and Ti3+ 
on the M sites at 300-400 ppm charge balanced by M-site vacancy ([vac]). This was 
determined based on a relationship between Ti diffusion and fO2, characteristic 
diffusion profile shapes related to Ti4+ being ‘trapped’ on the T-sites (Petrishcheva et 
al. (in preparation) and Chapter 1.7) and FTIR analysis of hydroxylated diffusion 
profiles. 
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The FTIR spectra suggest that the three O-H substitutions are [TiCh-PD] : 
(MgTi4+)H2O4, [Ti-triv] : (Ti3+H)SiO4, and [Mg] : (MgH2SiO4). This section excludes 
discussion of the small band at 3428 cm-1 associated with profile asymmetry, which is 
treated in a following section. 
The [Ti-triv] substitution mechanism is associated with an M-site vacancy, 
whereas in the [TiCh-PD] the substitution involves a T-site vacancy. Nevertheless, the 
concentration-distance profiles of both substitution mechanisms have the same length 
in each experiment, in each crystallographic orientation. At first glance, this might 
seem surprising, as the rates of both major-element diffusion (e.g. Chakraborty, 1997; 
Chakraborty et al., 1994; Dohmen et al., 2002) and hydrogen diffusion (Demouchy 
and Mackwell, 2003; Padrón-Navarta et al., 2014) are orders of magnitude slower on 
the T-site than M-site.  
This can be explained, however, by considering the formation reactions of 
these defects. It becomes clear, below, that these concentration-distance profiles are, 
in fact, the products of both diffusion (that is, macroscopic movement of H through 
the crystal) plus point-defect reactions that operate on the unit-cell length scale. 
In order to form the hydrated M-site vacancy defect at the interface, Mg exchanges 
with two hydrogen ions: 
 
Mg2SiO4 + H2O = MgH2SiO4 + MgO  
           ol                                           ol                      
(	  2.2:5	  )	  
 
 
Or in Kröger-Vink notation: 
 
MgMg× + H2O = (2H)Mg× + MgO  
      ol                                    ol                 
(	  2.2:6	  )	  
 
Then, the defect moves by cation-vacancy (2H)Mg× for MgMg× . Reactions  ( 2.2:5 ) and 
( 2.2:6 ) describe the formation of this defect at the interface, where there is a 
reservoir to buffer the chemical potentials (i.e., activities) of MgO and H2O. 
Hydration of anhydrous Ti3+ defects requires hydrogen-vacancy exchange: 
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3
2 Ti4/33+ [vac]2/3SiO4 + 12 Mg2SiO4 + H2O = 2Ti3+HSiO4 + MgO  
                 ol                                         ol                                              ol                       
(	  2.2:7	  )	  
 
i.e.: 
2TiMg• + VMg// + MgMg× + H2O = 2TiMg• + 2HMg/ + MgO  
      ol             ol             ol                                  ol               ol  
 
	  (	  2.2:8	  )	  
 
After formation, the defect can move by exchange of VMg// + MgMg×  for 2HMg/ . 
Alternatively, interaction between the anhydrous Ti3+ defect (considered immobile 
over the scale of these experiments) and [Mg] (highly mobile) can also form [Ti-triv] 
inside the crystal by redistribution of protons: 
 
3
2 Ti4/33+ [vac]2/3SiO4 + MgH2SiO4 = 2Ti3+HSiO4 + 12 Mg2SiO4  
                     ol                                  ol                               ol                              ol 
(	  2.2:9	  )	  
 
 
Which is considerably simplified in Kröger-Vink; the Ti3+ is not involved: 
 
VMg// +(2H)Mg× =2HMg/  
     ol            ol               ol
 
(	  2.2:10	  )	  
 
 
The choice of mechanism is not clear-cut, but in both cases diffusion of the defect (or 
formation of the defect by vacancy diffusion and then reaction) is limited to the rate 
of [Mg] diffusion.  
To form [TiCh-PD] from Mg2Ti4+O4 (anhydrous Ti4+) requires Ti4+ to move from the 
tetrahedral to the octahedral site and be replaced by hydrogen. This necessarily 
displaces magnesium: 
 
Mg2Ti4+O4 + H2O = MgTi4+H2O4 + MgO  
         ol                                               ol                             
(	  2.2:11	  )	  
 
i.e.: 
 
TiSi× + MgMg× + H2O = TiMg•• + (2H)Si// + MgO  
    ol             ol                                ol               ol       
(	  2.2:12	  )	  
 
	   218	  
In order for the defect to then diffuse through the crystal, the TiMg•• + (2H)Si//  could 
exchange places with an adjacent TiSi× + MgMg× . However, this involves Mg2+ and Ti4+ 
exchanging places on the M sites, which is expected to be slower than M-site vacancy 
diffusion. This diffusion mechanism is not in agreement with the data, which shows 
that H diffusion associated with the different defects have the same diffusion rate. 
Alternatively, TiSi× could interact with a fully protonated, highly mobile, M-site 
vacancy: 
  
Mg2Ti4+O4 + MgH2SiO4 = MgTi4+H2O4 + Mg2SiO4  
            ol                              ol                               ol                           ol 
(	  2.2:13	  )	  
 
 
i.e.: 
 
TiSi× +  (2H)Mg× =  TiMg•• +  (2H)Si//  
     ol                ol                    ol                  ol 
(	  2.2:14	  )	  
 
 
While these reactions involve the T-site, the macroscopic movement is on the M-site.  
Or, the anhydrous Ti4+ defect could interact with two hydroxylated Ti3+ defects, 
forming one clinohumite defect and eliminating both Ti3+ defects: 
 
Mg2Ti4+O4 + 2Ti3+HSiO4 = MgTi4+H2O4 + 32 Ti4/33+ [vac]2/3SiO4 + 12 Mg2SiO4  
            ol                              ol                              ol                                          ol                                     ol 
(	  2.2:15	  )	  
 
 
i.e.: 
 
TiSi× + 2TiMg• + 2HMg/ = TiMg•• + (2H)Si// + 2TiMg• + VMg//     ol           ol                 ol              ol              ol                  ol             ol                                           
(	  2.2:16	  )	  
 
 
For each [TiCh-PD] that is created from the anhydrous Ti4+ substitution, a different 
hydroxylated defect must be available nearby, thus the diffusion rate of H along this 
defect pathway should be similar to that of [Mg] or [Ti-triv].  
Reaction ( 2.2:15 ) or ( 2.2:16 ) is considered more likely in these experiments, 
given that the concentration of [Ti-triv] is so much higher than that of [Mg] (see Table 
1). 
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The reactions presented above reaffirm that the diffusion of hydrogen along 
these pathways may not be diffusion in the normal sense, but a combination of 
diffusion plus reaction that manifests itself as a diffusion profile. Hence we have 
referred to these profiles as “concentration-distance profiles”. 
That the three hydrated point defects observed in these experiments ([TiCh-
PD], [Ti-triv] and [Mg]) all propagate at the same rate through the Ti-doped forsterite 
is explained by the three mechanisms using the same pathway, that of Mg-vacancy 
diffusion. This interpretation is supported by the similar crystallographic anisotropy 
of the concentration-distance profiles (longest, hence fastest, along [001]). Given that 
hydrogen has been shown to diffuse much more rapidly in hydrogen-deuterium 
exchange (Du Frane and Tyburczy, 2012), it is therefore assumed that the diffusion of 
Mg vacancies is the rate-determining step in these experiments. 
 
2.2.4.3 The effect of chemical activity 
Two conditions of aSiO2 were investigated at 850 °C, 1.5 GPa, by packing the 
crystal in either forsterite-enstatite or forsterite-periclase. The aSiO2 has a small affect 
on the [Ti-triv] concentration at the crystal-powder interface but does not appear to 
affect H diffusion rate. As forming all defects (excluding any direct substitution of 
4H+ for Si4+; not seen in these experiments) at the interface necessarily liberates MgO 
(see reactions ( 2.2:12 ),  ( 2.2:8 ) and ( 2.2:6 )), it is expected that the hydrogen 
solubility in the two conditions should differ accordingly. Where the buffer includes 
enstatite, the following reaction should describe the hydroxylation of anhydrous Ti3+ 
defects ([vac] is a vacant M-site):  
 
3
4 (Ti4/33+ [vac]2/3)SiO4 + 12 H2O + 14 Mg2Si2O6 = (Ti3+H)SiO4 + 14 Mg2SiO4  
                ol                                                                     opx                           ol                               ol   
 
(	  2.2:17	  )	  
 
Whereas, when the buffer contains periclase, the reaction is described by ( 2.2:7 ), 
above. The equivalent enstatite-buffered reaction forming [TiCh-PD] from anhydrous 
(tetrahedral) Ti4+ is: 
 
Mg2TiO4 + 12 Mg2Si2O6 + H2O = MgTiH2O4 + Mg2SiO4  
           ol                               opx                                         ol                         ol
 
(	  2.2:18	  )	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with the equivalent periclase-buffered reaction described in ( 2.2:11 ).  
As described in Chapter 1.2, writing separate reactions for both aSiO2 buffer 
conditions allows a straightforward thermodynamic treatment of the predicted ratio of 
interface [Ti-triv] concentrations, for example, between the two conditions, 
effectively by substituting one equation into the other in order to eliminate the 
(Ti3+H)SiO4 and  terms. The ratio of (Ti3+H)SiO4 activities in the 
two buffering conditions is given by:  
 
a
(Ti3+H)SiO4
ol( )
en
a
(Ti3+H)SiO4
ol( )
per
= exp -ΔG(2.2:20)
RT
⎛
⎝⎜
⎞
⎠⎟
 
(	  2.2:19	  )	  
 
 
Where ∆G( 2.2:20 ) is the free energy of reaction ( 2.2:20 ): 
 
1
2 MgO + 14 Mg2Si2O6 = 12 Mg2SiO4      (	  2.2:20	  )	  
  
If a
(Ti3+H)SiO4
ol ∝   X
(Ti3+H)SiO4
ol , as expected if Ti3+ and H+ are fully ordered, the [Ti-triv] 
concentration should be a factor of 3.91 x greater (at 850 °C, 1.5 GPa) in enstatite-
buffered than periclase-buffered conditions, calculated using free energy of formation 
data for enstatite, forsterite and periclase from Holland and Powell (2011). If, 
however, the Ti3+ and H+ are disordered over the lattice, then
a
(Ti3+H)SiO4
ol ∝   (X
(Ti3+H)SiO4
ol )2 , and the ratio becomes 1.96x . The measured concentration 
ratio is 1.8 (Table 2.2.1), consistent with the disordered case.  
2.2.4.4 Concentration of hydroxylated defects vs anhydrous defects  
The equilibrium constant for reaction ( 2.2:17 ), describing hydroxylation of a 
single anhydrous Ti3+ defect, assuming the activity of forsterite and enstatite are one, 
is: 
 
K(2.2:17). fH2O( )
1
2 =
a
Ti3+HSiO4
ol
aTi4/3[vac]2/3SiO4
ol( ) 34
 
(	  2.2:21	  )	  
 
 
  
(Ti4 / 33+ [vac]2 / 3)SiO4
	   221	  
The fH2O term is necessary given that the fugacity of water changes as a function of 
pressure and temperature. The water fugacity is square-rooted due to the 
stoichiometry of reaction ( 2.2:17 ). Values of fH2O from the Pitzer and Sterner 
(1994) equation of state (calculated using the Javascript root-finding algorithm at 
https://www.esci.umn.edu/people/researchers/withe012/fugacity.htm) are presented in 
Table 2.2.1 for the experimental conditions. 
In the simplest case, we could assume that aTi3+HSiO4
ol ∝XTi3+HSiO4
ol  and
aTi4/33+ [vac]2/3SiO4
ol( ) 34 ∝XTi4/33+ [vac]2/3SiO4ol . However, it was shown above that aTi3+HSiO4ol  is probably 
proportional instead to XTi3+HSiO4
ol( )2 , and given that the total Ti3+ content (ΣXTi3+ol ) is 
equal to the sum of anhydrous and hydrous components, i.e. 
ΣXTi3+ol =XTi3+HSiO4
ol + 34 XTi4/33+ [vac]2/3SiO4
ol , then: 
 
K(2.2:17, a). fH2O( )
1
2 =
XTiHSiO4
ol( )2
ΣX
Ti3+
ol -XTiHSiO4
ol  
(	  2.2:22	  )	  
 
 
Which is rearranged to give: 
 
X
Ti3+HSiO4
ol = −
K(2.2:17, a ). fH2O( )
1
2 + K(19,2). fH2O( )
1
2 K(19,2). fH2O( )
1
2 + 4ΣX
Ti3+
ol⎛
⎝⎜
⎞
⎠⎟
2
 
(	  2.2:23	  )	  
 
 
Alternatively, assuming that aTi4/33+ [vac]SiO4
ol( ) 34 is also proportional to XTi4/33+ [vac]SiO4ol( )
2
, 
K(2.2:17, b) .(fH2O)1/2 is defined as: 
 
K(2.2:17, b). fH2O( )
1
2 =
X
Ti3+HSiO4
ol( )2
ΣX
Ti3+
ol -X
Ti3+HSiO4
ol( )2
 
(	  2.2:24	  )	  
 
 
Which rearranges to: 
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XTiHSiO4
ol =
ΣX
Ti3+
ol . K(2.2:17, b). fH2O( )
1
2
1+ K(2.2:17, b). fH2O( )
1
2
 
(	  2.2:25	  )	  
 
 
The relationship in ( 2.2:25 ) is considered the most probable; in the preceding 
section it was demonstrated that the H+ and Ti3+ cations are disordered in terms of 
their location and the disorder between trivalent cations (although not specifically 
Ti3+) and their charge-balancing vacancies has been treated by Evans et al (2008). 
The constants K(2.2:17,a). (fH2O)1/2 and K(2.2:17,b). (fH2O)1/2  are determined as a function 
of T (for the 1.5 GPa, fo-en buffered experiments) using ( 2.2:22 ), or ( 2.2:24 ), 
respectively, assuming that the interface Ti is nearly pure Ti3+ (assume 380 ppm Ti3+ 
and 20 ppm Ti4+). For reference, 380 ppm anhydrous Ti3+ is calculated as 
  
XTi4 /33+ [vac]SiO4
ol
= 1.12x10-3 and 10, 20, 40 ppm H2O associated with hydroxylated Ti3+ equal 
  
XTi3+HSiO4
ol  of 1.54x10-4, 3.07x10-4, 6.15x10-4. At 1000 °C, using the integrated 
absorbance value (Table 1) of 102 cm-1, the relationship in ( 2.2:3 ) to give total 
absorbance (x 2.28), and the Bell et al. (2003) calibration, there is 43.7 ppm H2O 
associated with Ti3+. This represents 
  
XTi3+HSiO4
ol of 6.72 x10-4, hence using ( 2.2:24 ), 
K(2.2:17,b). (fH2O)1/2 equals 2.25 (log(K(2.2:17,b). (fH2O)1/2) = 0.35). This is the top left 
data point in Figure 2.2.10a. 
All values of log (K.(fH2O)1/2) are then plotted against 1/T, and fitted to a linear 
relationship using weighted least-squares regression. The fit is then used to 
extrapolate K. (fH2O)1/2 as a function of T at a given P, assuming pH2O = P, and given 
that the ΣXTi3+ol term is constant (set by the pre-anneal) and approximately known, 
XTi3+HSiO4
ol can be predicted as a function of T using ( 2.2:23 ) or ( 2.2:25 ). The 
predicted curves from equations  ( 2.2:23 ) and ( 2.2:25 ) are shown in Figure 2.2.10. 
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Figure	  2.2.10:	  The	  effect	  of	  temperature	  on	  interface	  hydrogen	  concentrations	  associated	  with	  
different	  point	  defect	  types.	  (a)	  Equilibrium	  constant	  for	  reaction	  (	  2.2:17	  )	  assuming	  that	  activity	  is	  
proportional	  both	  to	  mole	  fraction	  and	  mole	  fraction	  squared.	  (b)	  Predicted	  [Ti-­‐triv]	  concentration	  as	  
a	  function	  of	  changing	  temperature,	  where	  the	  high	  concentration	  plateau	  represents	  full	  saturation	  
of	  the	  available	  anhydrous	  Ti3+	  defects.	  (c)	  Equivalent	  to	  (a)	  for	  [Mg]	  concentration,	  using	  both	  the	  
absorption	  coefficients	  of	  Bell	  et	  al.	  (2003)	  and	  Kovács	  et	  al.	  (2010).	  (d)	  Equivalent	  to	  (b)	  for	  [Mg]	  (for	  
comparison);	  in	  this	  case,	  there	  is	  no	  upper	  limit	  on	  hydrogen	  concentration	  set	  by	  the	  pre-­‐existing	  
point	  defects.	  
	  
 
The sigmoidal increase in H2O concentration with increasing temperature is a 
function of the forsterite crystal having a pre-existing, limited defect population. It is 
clearly not possible to have more hydroxylated Ti defects than anhydrous Ti defects 
in the starting material. 
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Conversely, the concentration of [Mg] does not have the same constraints. The 
reaction describing M-site hydroxylation in the absence of Ti is in fo-en buffered 
conditions is: 
 
1
2 Mg2Si2O6 + H2O = Mg(H2 )SiO4  
                                                                ol       
 
(	  2.2:26	  )	  
 
The equilibrium constant for this reaction is simply: 
 
K(2.2:26). fH2O  = aMg(H2 )SiO4
ol  (	  2.2:27	  )	  
 
K(2.2:26) was determined similarly from the experimental data (Figure 2.2.10c). The 
observed temperature dependence of K(2.2:26) predicts that the H associated with this 
substitution mechanism should increase greatly with temperature. 
Importantly, whilst logK varies linearly with 1/T for both [Mg] and [Ti-triv] 
substitutions, the relationship between inverse temperature and hydrogen content is 
either an exponential or sigmoidal increase, depending on the defect population in the 
starting material. This suggests that the reason that the [TiCh-PD] concentration does 
not increase with increasing temperature is that the very low tetrahedral Ti4+ content 
of the starting material (around 20 ppm) may already be close to saturation at 850 °C. 
This has two salient implications. Firstly, if hydrogen content associated with 
a particular defect does not increase with temperature, pressure, or fH2O it is likely 
that the relevant anhydrous defect has become saturated. The hydrogen concentration 
can then be used to estimate the original anhydrous defect concentration. Secondly, 
measurements of hydrogen contents associated with nearly saturated defect types in 
natural olivines will be of little use as sensors of fH2O, unless the thermodynamics of 
the original anhydrous substitution can be independently evaluated. For example, the 
significance of the amount of H associated with the [TiCh-PD] in a natural olivine for 
recording fH2O depends on the chemical potential of TiO2 in the system, as this 
determines how much Ti4+ substitutes into the olivine. In the experiments reported 
here, the chemical potentials of neither Ti3+O1.5 nor Ti4+O2 are controlled during the 
hydroxylation, rather it is the concentrations of Ti in the forsterite that is fixed by the 
initial synthesis. The subsequent concentrations of [TiCh-PD] and [Ti-triv] formed in 
the hydroxylation stage are constrained by this initial Ti content. But in a natural 
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peridotite assemblage, where there is a reservoir of available Ti, there will be an inter-
dependence between the Ti and the H concentrations in the olivine, if a global 
equilibrium is achieved. 
 
2.2.4.5 The effect of pressure on hydroxylated defect concentrations 
An increase of pressure from 1.5 to 2.5 GPa in these experiments leads to an 
increase in fH2O from 4.95 to 31.5 GPa, calculated using the Pitzer and Sterner (1994) 
equation of state. Taking the most simplistic model, it could be assumed that the 
change in concentration of hydrogen associated with each point defect is simply 
proportional to the change in fH2O to some power, with the power related to the 
stoichiometry of the point defect. As the [TiCh-PD] and the [Mg] have two hydrogen 
per unit, their concentration would be proportional to fH2O, whereas the [Ti-triv] 
defect, with only one H per unit, should increase in concentration in proportion to 
fH2O 1/2.  
However, this simple model ignores the fact that there is a limit imposed on 
the concentrations of [Ti-triv] and [TiCh-PD] by the defect population of the starting 
crystal. Instead, the change in concentration of the [Ti-triv] as pressure increases can 
be predicted using the relationships defined in ( 2.2:23 ) and/or ( 2.2:25 ).  
The relationship between the equilibrium constant K of reaction ( 2.2:17 ) at 1.5 and 
2.5 GPa is defined by the relationship: 
 
lnK1123K,2.5GPa = lnK1123K,1.5GPa + ΔVs(T,P) dP
1.5GPa
2.5GPa
∫  
(	  2.2:28	  )	  
 
 
The integral of the change in volume of solids between 1.5 and 2.5 GPa is expected to 
be very small compared to the change in fH2O over the same pressure range. 
Therefore, assuming that K is the same (or, at least, very similar) at 1.5 and 2.5 GPa, 
the change in the K.(fH2O)1/2 terms in ( 2.2:23 ) and ( 2.2:25 ) is controlled by the 
change in fH2O. Taking the value of K at 1.5 GPa, 850 °C, fo-en buffer as a fixed 
point, the amount of H2O associated with the [Ti-triv] defect is predicted up to 7 GPa 
in Figure 2.2.11 using both ( 2.2:23 ) and ( 2.2:25 ). In addition, the simple solution 
whereby the hydrogen content of the crystal is simply proportional to (fH2O)1/2 is also 
shown, for comparison. 
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Figure	  2.2.11:	  The	  predicted	  effect	  of	  pressure	  on	  the	  concentration	  of	  the	  three	  point	  defects	  treated	  
in	  this	  study.	  Calculations	  are	  made	  based	  on	  the	  equilibrium	  constants	  for	  the	  relevant	  reactions	  
and/or	  the	  change	  in	  fH2O	  as	  a	  function	  of	  pressure.	  In	  all	  cases,	  Henry’s	  Law	  is	  assumed	  (i.e.	  no	  
interaction	  between	  point	  defects-­‐assumed	  to	  be	  infinitely	  diluted).	  The	  red	  curves	  assume	  that	  the	  
concentration	  of	  hydrogen	  associated	  with	  each	  point	  defect	  is	  proportional	  to	  fH2O	  (or	  fH2O
1/2	  in	  the	  
case	  of	  the	  [Ti-­‐triv]	  defect).	  The	  black	  curves	  are	  calculated	  using	  equilibrium	  constants	  that	  impose	  
an	  upper	  limit	  on	  the	  hydrogen	  concentration	  (the	  defect	  population	  of	  the	  starting	  material).	  The	  
difference	  between	  the	  red	  and	  black	  curves	  is	  that	  they	  represent	  global	  and	  metastable	  equilibrium,	  
respectively	  –	  the	  different	  models	  may	  have	  relevance	  in	  different	  geological	  settings.	  
	  
A similar treatment is also used to predict the change in concentration of 
hydrogen associated with [Mg] (where there is no obvious limit on maximum H2O 
concentration) and [TiCh-PD] (where the defect is close to saturated at 850 °C, 1.5 
GPa). 
Here it is emphasized that the saturation effect illustrated here is a 
phenomenon of metastable equilibrium, constrained by the availability of Ti3+ for the 
[Ti-triv] substitution, and Ti4+ for the [TiCh-PD] substitution. Among natural 
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examples of H in olivine, this kind of metastable equilibrium may arise when H 
diffuses into a crystal without recrystallization (e.g. Tollan et al, 2015). The situation 
would be quite different, however, if the olivine recrystallizes, and Ti4+ or trivalent 
cations are available from the rest of the rock (from coexisting pyroxenes, for 
example). Then, the constraint of constant Ti4+ and trivalent cations would be lifted, a 
global equilibrium of the system would be achievable, and the Ti and trivalent-cation 
would be expected to increase relative to their anhydrous equilibrium concentrations 
with the addition of H. The more of these partner cations, the more H. Thus the water 
content of natural olivines will depend on the history of their host rock in complex 
ways. 
2.2.4.6 Asymmetrical profiles and Ti3+ oxidation 
[TiCh-PD] profiles on one side of each traverse (‘two-slope’ profiles) cannot 
be fitted to equations ( 2.1:1 ) and ( 2.1:2 ); they deviate strongly from the error-
function with a sharp upwards inflection near the crystal edge. This behaviour is not 
observed in the 1000 °C (highest temperature) experiment. LA-ICP-MS scans across 
several crystals showing this peculiar behaviour was not due to any trace-element 
contamination. 
These two-slope profiles are also associated with a small peak at 3428 cm-1, 
along with a failure of the concave-rubberband correction to give a flat baseline 
beneath the [TiCh-PD] bands. The diffusion profile of H associated with the 3428 cm-
1 peak can be fitted to equation ( 2.1:2 ); it appears to show simple one-dimensional 
concentration-independent diffusion.  
The two-slope [TiCh-PD] profiles can be fitted to the sum of two separate 
diffusion profiles with different rates and interface concentrations, i.e.: 
 
C(x) = C0(1)erfc
x
4D1t
⎛
⎝
⎜⎜
⎞
⎠
⎟⎟
+ C0(2)erfc
x
4D2t
⎛
⎝
⎜⎜
⎞
⎠
⎟⎟
 
(	  2.2:29	  )	  
 
 
This formulation is simply equation ( 2.1:2 ) plus itself, with two D and two 
C0 terms. An example of a ‘two-slope’ profile (hydrol4, 850 °C, 2.5 GPa) fitted to 
equation ( 2.2:29 ) is shown in Figure 2.2.12. The value of logD 2 (the shorter, sharper 
profile) is the same, within error, as the diffusion coefficient determined for the 3428 
cm-1 peak in the same experiment; (13.8±0.1 m2s-1; see Table 2.2.1). logD 1 (faster 
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diffusion) is within error of the simple [TiCh-PD] diffusion profile from the opposite 
face of the same experiment (-12.3±0.1 m2s-1). 
 
 
Figure	  2.2.12:	  Hydrogen	  diffusion	  profile	  ([TiCh-­‐PD]	  associated)	  showing	  strong	  upwards	  inflexion	  
towards	  crystal	  rim;	  this	  cannot	  be	  fitted	  to	  a	  single	  error	  function.	  The	  solid	  line	  is	  a	  fit	  to	  the	  inset	  
equation;	  this	  describes	  a	  slow	  diffusion	  mechanism	  superimposed	  onto	  a	  fast	  mechanism.	  This	  
suggests	  that	  [TiCh-­‐PD]	  may	  be	  created	  by	  oxidation	  of	  Ti3+	  as	  well	  as	  by	  hydroxylation	  of	  tetrahedral	  
Ti4+	  defects.	  
	  
The two-slope profiles still have considerable [Ti-triv] at the interface, 
showing that the reaction to oxidize trivalent Ti is not near completion; it must be 
somehow limited, either by rate of reaction or exhaustion of reactants. 
The process that causes these asymmetrical profiles must consume [Ti-triv] and 
produce [TiCh-PD]. A potential mechanism for causing these profiles, which also 
explains the limited extent of Ti3+ oxidation, is as follows. 
At the very low fO2 and high temperature of the pre-anneal (Ti-doping) step, it 
is possible that a small amount of Si was lost by vaporization according to the 
reaction: 
 
Mg2SiO4 + 2MgTi2O5= 4MgTiO3+ SiO(gas)  + 12 O2        ol                           kar                        gei 
(	  2.2:30	  )	  
 
In the crystal, Si loss would likely be charge-balanced by the formation of vacancies 
on the anionic sublattice: 
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SiSi× + 2OO× = VSi//// + 2VO•• + SiO(gas)  + 12 O2  
   ol           ol            ol           ol  
 
(	  2.2:31	  )	  
 
The oxygen anion vacancies give the forsterite a component of O2- ionic 
conductivity, as they do in stabilized zirconia, used as oxygen sensors.  During the 
subsequent hydroxylation experiment at much higher fO2, the gradient in oxygen 
chemical potential (i.e., fugacity) would cause the movement of O2- through the 
crystal, if the O2- can be charge-balanced by a flux of electrons in the opposite 
direction; this could be accomplished by in-situ oxidation of Ti3+ to Ti4+. Effectively, 
the crystal behaves as an electrochemical cell, described by two half-reactions: 
 
VO•• + 12 O2 + 2e- = OO×  (	  2.2:32	  )	  
 
2TiMg• = 2TiMg•• + 2e-  (	  2.2:33	  )	  
 
The octahedral Ti4+ could then react with [Mg] and the pre-existing T-site vacancies 
to form [TiCh-PD]: 
 
TiMg•• + VSi//// + (2H)Mg× = TiMg•• + (2H)Si// + VMg//  
    ol            ol              ol                 ol              ol               ol
 
	  (	  2.2:34	  )	  
 
These reactions are consistent with the simultaneous decrease of [Ti-triv] and [Mg] 
and increase in [TiCh-PD] concentrations. The extent of the reaction is limited by the 
extent of the Si vacancies in the starting material. In this view, the concentration-
distance profiles of the 3428 cm-1 peak are not directly related to a rate of H diffusion, 
but may be the decoration of the Si-vacancy profiles imposed at 1500 ºC during the 
pre-anneal according to reaction (2.2:34).  
This hypothesis raises the question of why this behaviour should be observed 
on only one side of the crystal. During the pre-anneal, the slabs of pure forsterite were 
coated on both sides with the forsterite-karooite-geikielite powder then laid on one 
side on a bed of forsterite powder in a Pt box, hence the underneath side of the slab 
was protected to some extent by this forsterite powder. We did not record which part 
of the slab the cubes were cut from, so we do not know whether those parts of the 
cubes with the “two-slope” profiles correspond with the bottom of the slab.   
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2.2.4.7 Kinetic barriers to obtaining equilibrium 
The starting crystal was prepared at very low oxygen fugacity, where Ti 
substitutes predominantly in the 3+ oxidation state (see Chapter 1.7). The conditions 
under which the hydroxylation stage were performed was very oxidizing, where there 
should be no detectable Ti3+ at equilibrium (e.g., Mallmann and O’Neill, 2009). Yet, 
after hydroxylation, [Ti-triv] is the main hydrous substitution in all the FTIR spectra 
(except the anomalous “two-slope” profiles), greatly exceeding the amount of Ti4+ 
forming the [TiCh-PD]. Even in the two-slope profiles where some Ti3+ is thought to 
have been oxidized, the Ti3+ amount remains high. Evidently the kinetics of the 
hydroxylation stage do not allow the Ti3+/ΣTi ratio to reach equilibrium; this ratio 
should be nearly zero at the experimental conditions.  
This is an important result, as it rules out mechanisms for either hydroxylation 
or diffusion that involve oxidation. 
 
2.2.4.8 Comparison with other studies 
This lack of evidence for redox changes in Ti3+/Ti4+ during hydroxylation 
raises the question of whether conservation of oxidation state during H transport 
through Nominally Anhydrous Minerals is a general rule. 
In natural olivines, the dominant redox-sensitive element is Fe, but as the ratio 
of Fe2+ to Fe3+ is extremely high (generally greater than ~ 102; Dohmen and 
Chakraborty, 2007; Mallmann and O’Neill, 2009), changes in Fe2+/Fe3+ during 
hydroxylation would be difficult to determine, and indeed such observations have not 
been reported. Nevertheless, such mechanisms have been proposed. Mackwell and 
Kohlstedt (1990) and Kohlstedt and Mackwell (1998) suggested that H is 
incorporated by reduction of Fe3+: 
 
3
2 Fe4/3
3+ [vac]2/3SiO4 + H2O = 
3
2 (Fe
2+H)4/3[vac]2/3SiO4 + 
1
2 O2  
                   ol                                                                   ol     
(	  2.2:35	  )	  
 
i.e.: 
FeMg• + 12 H2O = FeMg× + Hi• + 14 O2 	  
    ol                 liq              ol            ol         gas                
 
(	  2.2:36	  )	  
 
	   231	  
This “proton-polaron exchange” mechanism was presumed to be responsible 
for the fast diffusion observed by Mackwell and Kohlstedt (1990) (see Fig. 11). No 
equivalent mechanism is seen in this study. This may be due to the different site 
preference of the different Ti valence states; because Ti4+ occupies the T-sites in the 
anhydrous crystals, it reduction to Ti3+ must involve a switch to octahedral sites, 
given the high octahedral-site preference energy of Ti3+ from crystal-field effects.  
It is interesting to note that reduction of Fe3+ is not the only way that a redox 
reaction may conceptually be involved in the incorporation of H in olivine. Oxidation 
of Fe2+ would create M-site vacancies that may be charge-balanced by H: 
 
MgFe2+SiO4 + 12 H2O + 14 O2 = Fe3+HSiO4 + MgO  
             ol                                                                    ol                       
(	  2.2:37	  )	  
 
i.e.: 
 
FeMg× + MgMg× + 12 H2O + 14 O2 = FeMg• + HMg/ + MgO  
     ol               ol                                                   ol           ol       
(	  2.2:38	  )	  
 
 
The rate of propagation of such a defect will depend on the rate at which 
vacant M-sites (associated with H+) can move through the lattice and as such, Fe2+ 
may be readily oxidized to Fe3+ through the crystal. 
Several other studies have determined H diffusion coefficients along various 
pathways in olivine; these are shown in Figure 2.2.9 alongside the Arrhenius curves 
from this study.  
Given that the mechanisms observed in this study are all interpreted as related 
to the rate of [Mg] diffusion, it might be expected that the diffusion coefficients of 
this study should overlap on the Arrhenius plot with those found by Demouchy and 
Mackwell (2003). However, in the 900-1000 °C range where experiments from this 
and their study overlap, the diffusion coefficients are around 0.5 orders of magnitude 
faster in this study. This discrepancy is small given the overall variation of H 
diffusion in olivine found in the literature. The experiments of Demouchy and 
Mackwell (2003) were conducted at much lower pressure (using cold-seal apparatus 
rather than piston cylinder), but the lack of any dependence of pressure on diffusion in 
this study argues that this should not be significant. Given that H diffuses with its own 
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vacant M-site (i.e. interstitial mechanism), the concentration of M-site vacancies 
should not affect the rate of diffusion (shown by no effect of aSiO2 on the diffusion 
rate – as seen for Be2+ in chapter 1.3). This suggests that the slight increase in 
diffusion rate relative to that of Demouchy and Mackwell (2003) is not due to the 
relatively high M-site vacancy concentration related to Ti3+. 
Padrón-Navarta et al. (2014) synthesised Ti-doped forsterite under hydrous 
conditions, which were also relatively oxidized, to produce a starting material with H 
predominantly in [TiCh-PD] and hydroxylated T-vacancies, with minor [Mg] and H 
associated with trivalent substitutions, which may have been [Ti-triv]. They then 
diffused the H out of the crystals at atmospheric pressure, which was monitored not 
by measuring diffusion profiles (as in this study), but by determining the H associated 
with each defect type in the bulk crystal. Their results showed that [Mg] and [?Ti-triv] 
disappeared rapidly, with implied diffusion rates similar to those found by Demouchy 
and Mackwell (2003) and in this study (Figure 11). [TiCh-PD]s, however, were 
eliminated more slowly, with implied diffusion rates over an order of magnitude 
slower than in this study (Figure 11). Padrón-Navarta et al. (2014) also found that 
after the [TiCh-PD]s were eliminated, the rate of decrease of the hydroxylated T-site 
defects almost ceased. Their study thus showed that the rate of diffusion of H out of 
the crystals was dependent on the fastest available mechanism. After the elimination 
of the (presumed) trivalent vacancies, there is no mechanism to transfer the [TiCh-
PD] locally to a fast diffusion mechanism (i.e., the reverse of reactions ( 2.2:15 ) and ( 
2.2:16 )), which explains the apparently slower rate of diffusion. 
This assertion could be tested by measuring H diffusion into forsterite doped 
with small amounts of Ti4+ and no Ti3+ or other trivalent cations; it is expected that in 
the absence of any hydroxylated trivalent defects, H diffusion along the [TiCh-PD] 
pathway should be considerably slower than observed in this study. 
 
2.2.5 Summary 
 
1. Hydrogen diffusion in Ti-doped forsterite does not have to cause equilibration of 
the internal Ti point defect structure with the external oxygen fugacity or 
chemical activity conditions of hydroxylation.  
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2. Diffusion coefficients determined from diffusion-in experiments (most 
experimental studies to date) may not be appropriate for determining hydrogen-
loss from natural olivine crystals on ascent, depending on the relative stability of 
hydroxylated defects and their anhydrous counterparts. 
3. The chemical activity and oxygen fugacity of the surroundings does not affect the 
rate of H-diffusion in olivine, along the M-site pathway. Frozen H-diffusion 
profiles in natural xenocrysts can be used to determine timescales of 
residence/ascent regardless of the silica saturation or undersaturation of the 
magma. 
4. Hydrogen diffusion is slightly faster in Ti-doped forsterite than pure forsterite. 
The presence in natural olivines of trace elements with an affinity for H+ (e.g. 
trivalent cations on the M-sites) should be considered when projecting 
experimentally determined diffusion coefficients into natural systems. 
5. The use of thick-walled, swage-sealed silver capsules in piston cylinder apparatus 
considerably simplifies the experimental procedure when investigating hydrogen 
diffusion in single crystals. They also considerably increase experimental 
stability, allowing experiments to be conducted at much lower temperatures than 
previously possible. 
6. Diffusion in systems that require charge balance is a composite problem of both 
(a) diffusion of vacancies/charge-balancing agents and the diffusing species and 
(b) reactions resulting in rearrangement of site occupancy. 
7. The anhydrous point defect population of a crystal can impose an upper limit on 
the associated hydroxylated point defect concentration, with a sigmoidal increase 
towards the maximum concentration as the temperature or pressure of 
hydroxylation is increased. 
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Wt	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Wt	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H2O^^	  
logD[001]	  
[TiCh-­‐
PD]	  
logD[001]	  
[Ti-­‐triv]	  
logD[001]	  
[Mg]	  
logD[001]	  
(3248)	  
logD[001]	  
(total)	  
logD[100]	  
(total)	  
[TiCh-­‐
PD]	  
[Ti-­‐
triv]	  
[Mg]	  
hydrol8	   650	   1.5	   360	   Re-­‐ReO2	   fo-­‐en	   4.35	   N.D.	   -­‐14.8	  ±0.1	   N.D.	   N.D.	   -­‐14.8	  
±0.1*	  
-­‐15.8	  
±0.2*	  
12	  ±	  2	   7.7	  ±	  
0.7	  
N.D.	   8	  ±	  1	   8	  ±	  1	  
hydrol2	   750	   1.5	   24	   Re-­‐ReO2	   fo-­‐en	   4.71	   N.D.	   -­‐14.0	  ±0.3	   N.D.	   N.D.	   -­‐14.0	  
±0.3*	  
N.D.	   N.D.	   0.2	  ±	  
0.2	  
N.D.	   N.D.	   N.D.	  
hydrol1	   850	   1.5	   6	   Re-­‐ReO2	   fo-­‐en	   4.95	   -­‐12.4	  ±0.1	   -­‐12.4	  ±0.1	   -­‐12.5	  ±0.2	   -­‐13.1	  ±0.2	   -­‐12.5	  ±0.1	   -­‐13.5	  ±0.1	   18	  ±	  1	   51	  ±	  7	   9	  ±	  4	   32	  ±	  5	   28	  ±	  3	  
hydrol6	   850	   1.5	   12	   Ag-­‐Ag2O	   fo-­‐en	   4.95	   -­‐12.3	  ±0.1	   -­‐12.6	  ±0.1	   -­‐12.4	  ±0.1	   -­‐13.3	  ±0.3	   -­‐12.5	  ±0.1	   -­‐13.3	  ±0.1	   16	  ±	  1	   51	  ±	  4	   6	  ±	  
0.5	  
30	  ±	  2	   28	  ±	  2	  
hydrol7	   850	   1.5	   12	   Re-­‐ReO2	   fo-­‐per	   4.95	   -­‐12.6	  ±0.1	   -­‐12.6	  ±0.2	   -­‐12.7	  ±0.1	   -­‐13.6	  ±0.3	   -­‐12.5	  ±0.1	   	   14	  ±	  2	   28	  ±	  2	   7	  ±	  1	   20	  ±	  2	   17	  ±	  2	  
hydrol4	   850	   2.5	   12	   Re-­‐ReO2	   fo-­‐en	   31.5	   -­‐12.3	  ±0.1	   -­‐12.6	  ±0.1	   -­‐12.7	  ±0.2	   -­‐13.8	  ±0.1	   -­‐12.6	  ±0.1	   -­‐13.4	  ±0.1	   29	  ±	  5	   81	  ±	  
12	  
28	  ±	  5	   56	  ±	  9	   45	  ±	  7	  
hydrol3	   950	   1.5	   3	   Re-­‐ReO2	   fo-­‐en	   5.10	   -­‐12.0	  ±0.2	   -­‐11.9	  ±0.1	   -­‐11.8	  ±0.1	   -­‐12.9	  ±0.2	   -­‐11.9	  ±0.2	   -­‐12.8	  ±0.2	   28	  ±	  3	   74	  ±	  5	   21	  ±	  2	   50	  ±	  4	   42	  ±	  3	  
hydrol10	   1000	   1.5	   1	   Re-­‐ReO2	   fo-­‐en	   5.14	   -­‐11.4	  ±0.1	   -­‐11.5	  ±0.1	   -­‐11.6	  ±0.1	   N.A.	   -­‐11.5	  ±0.2	   -­‐12.1	  ±0.2	   20	  ±	  10	   102	  ±	  
2	  
31	  ±	  2	   63	  ±	  6	   51	  ±	  5	  
	  
Table	  2.2.1:	  Experimental	  conditions	  and	  results.	  The	  diffusion	  coefficients	  (all	  log10D)	  and	  wt	  ppm	  H2O	  are	  determined	  from	  total	  absorbance	  (sum	  of	  integrated	  areas	  
from	  all	  three	  defects).	  Integrated	  absorbance	  values	  are	  taken	  looking	  down	  [010].	  No	  correction	  is	  made	  for	  defect	  polarization.	  	  Errors	  on	  diffusion	  coefficients	  and	  
integrated	  absorbance	  are	  (subjectively)	  determined	  from	  data	  scatter	  around	  error	  function,	  or	  0.1,	  whichever	  is	  greater.	  *Diffusion	  coefficient	  determined	  using	  Ti3+	  peak	  
only.	  N.D.:	  not	  determined,	  peak	  too	  small.	  N.A.:	  not	  applicable,	  no	  peak.	  ^Determined	  using	  calibration	  from	  Bell	  et	  al.,	  2003.	  ^^Determined	  using	  calibration	  from	  Kovács	  
et	  al	  (2010).	  Note:	  the	  750	  °C	  experiment	  (I.D.	  hydrol2)	  was	  run	  for	  too	  little	  time	  to	  give	  useable	  data	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2.3 Hydrogen diffusion in Cr-doped forsterite studied by XANES 
and FTIR: the effect of H+ on chromium valence state and 
coordination environment 
 
Abstract 
The solubility and diffusion of hydrogen in synthetic Cr- doped forsterite has 
been studied as a function of oxygen fugacity, temperature and pressure (650-1000 
°C, 1.0-2.5 GPa) in the piston cylinder apparatus. This Cr:forsterite (~160 ppm Cr) is 
grown for use in solid-state lasers, and contains both tetrahedral Cr4+ (lasing centre) 
but also octahedral Cr3+ as a contaminant.  
1x1x1 mm cubes of the Cr:forsterite were annealed in Ag capsules containing 
a solid oxygen buffer (e.g. graphite, Ni- NiO, Fe3O4-Fe2O3, Re-ReO2 or Ag-Ag2O), a 
solid silica activity buffer, and excess H2O to achieve p(H2O) = Ptotal. The resulting 
diffusion profiles of H were measured using FTIR spectroscopy, which quantifies the 
amount of H and distinguishes different O-H bonding environments. The valence 
states and coordination environments of Cr along the diffusion profiles were 
independently measured using Cr K- edge XANES, whose good spatial resolution 
also allows short diffusion profiles to be characterised.  
Diffusion of H utilises at least five pathways, each associated with its own 
type of point defect type. The difference between the fastest and slowest H diffusion 
coefficients in a single experiment, along the [001] direction, is up to three orders of 
magnitude. The fastest mechanism likely involves hydrogen-polaron exchange (i.e. 
reduction of chromium). The two next fastest mechanisms both involve diffusion of 
M-site vacancies, either in isolation or associated with trivalent chromium. The 
diffusion rate of hydrogen along the M-site vacancy pathway is in good agreement 
with previous determinations of the same process. Slightly slower is a mechanism 
associated with the hitherto undescribed ‘Cr-clinohumite’ point defect. This requires 
Cr4+ to move from tetrahedral to octahedral coordination, and become charge-
balanced by two hydrogen on an adjacent tetrahedral site. The slowest mechanism 
involves rearrangement of both the tetrahedral and octahedral sublattices to 
equilibrate the Cr valence state at the very near edge (several micrometres) with the 
experimental conditions.  
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2.3.1 Introduction 
In the previous chapter, it was shown that the addition of small amounts of Ti 
(300-400 ppm) to pure forsterite led to faster H diffusion than in pure forsterite 
(comparing to the published data of Demouchy and Mackwell (2003)). It addition, it 
was shown that Ti3+ was not oxidised to Ti4+ at very high fO2; it is metastable at these 
conditions. In this chapter, we extend the findings of the previous to determine if 
those findings were specific to Ti, or could be seen in other, similar systems. To do 
so, we start with pure forsterite doped with Cr3+ and Cr4+ as analogies to Ti3+ and Ti4+. 
The difference is that in the Ti system, the oxidised form, Ti4+ is the stable valence 
state over geological conditions (Mallmann and O’Neill, 2009), whereas in the case of 
Cr it is the more reduced form, Cr3+, that is more geologically relevant (e.g. Berry and 
O’Neill, 2004). In addition, the study was extended to higher temperatures using new 
experimental designs, and the effect of the diffusing hydrogen on the valence state of 
trace amounts of chromium was also considered. 
 
2.3.2 Method 
The methods used in this chapter are very similar to those used in the previous 
chapter. Experiments conducted between 750-1000 °C used the same methodology as 
before, then subsequent development of the cold sealed copper capsule (for “medium 
temperature” experiments up to 1080 °C at 1.5 GPa, allowing a safety margin below 
the melting point of Cu) and Pt capsules with silicic acid as a H2O source (“high 
temperature” experiments above 1080 °C) allowed the experimental temperature 
range to be extended upwards. 
The other major difference is that in this study, FTIR was the primary 
analytical tool but Cr K-edge XANES was also used. This was to determine if 
XANES has merit in studying hydrogen diffusion, i.e. considering the effect of 
hydrogen on the valence state and coordination environment of trace elements rather 
than directly studying the hydrogen itself.  
 
2.3.2.1 XANES 
Cr K-edge XANES analyses were conducted at beamline ID21 at the 
European Synchrotron Radiation Facility (ESRF). The excitation energy was selected 
using a Si(220) monochromator and calibrated using the first derivative of a Cr foil 
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transmission spectrum. The beam was focussed into a spot size of 1.5x1.5 µm using 
Kirkpatrick-Baez mirrors. High energy harmonics were removed with a Ni-coated 
mirror.  
Firstly, coarse qualitative X-ray maps (10-20 µm pixels) of the crystal-epoxy interface 
were made. Considerably finer scale (1 µm pixels) maps were then produced, and the 
location of the first (“interface”) analysis point was selected by counting 5 µm from 
the crystal-epoxy boundary. Where the boundary was not satisfactorily parallel (~1-2 
° was permitted) with constant Y coordinates, the sample was removed from the 
chamber, rotated, reinserted, and these steps repeated. Parallelism is important to 
ensure that the beam, which enters at a high angle (60 °) to the sample surface, is 
directly perpendicular to the direction of diffusive flux.  
The possibility of beam damage was tested by leaving the beam dwelling on 
one point in the crystal and counting the intensity on the post-edge peak (Figure 
2.3.1). 
 
 
 
Figure	  2.3.1:	  Beam	  damage.	  Left:	  intensity	  of	  the	  edge	  decaying	  over	  time	  as	  a	  result	  of	  a	  stationary	  
beam.	  	  Right:	  Three	  scans	  taken	  in	  different	  conditions.	  The	  ‘damaged’	  spectrum	  was	  comprised	  of	  
ten	  scans	  acquired	  in	  the	  same	  location	  as	  the	  beam	  damage	  test	  (left	  panel).	  The	  ‘no	  step’	  spectrum	  
was	  acquired	  with	  a	  stationary	  beam	  (ten	  scans).	  The	  ‘2	  µm	  step’	  spectrum	  was	  acquired	  with	  ten	  
scans	  spaced	  2	  µm	  apart	  –	  this	  is	  considered	  to	  be	  the	  undamaged	  spectrum.	  
 
Full XANES spectra were taken “on the fly” (i.e. the full energy range 
acquired quickly, then repeated) between 5990-6120 eV (step size 0.2 eV) over ~60 s. 
In order to avoid beam damage each measurement was comprised of ten individual 
spectra. Between recording each spectrum, the sample was moved 2 µm parallel to 
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the interface, then between each measurement (10 scan set) the stage was moved 
perpendicular to the interface. This is shown in cartoon form in Figure 2.3.2. 
Groups of ten spectra were averaged using PyMCA software (Solé et al, 2007) 
and then normalised on the post-edge region 6060-6120 eV using iXAFS Athena 
(Ravel and Newville, 2005).  
 
 
Figure	  2.3.2:	  Cartoon	  of	  XANES	  analysis	  routine.	  Each	  measurement	  is	  comprised	  of	  ten	  separate	  
spectra	  recorded	  with	  2	  µm	  spacing	  to	  avoid	  beam	  damage.	  
 
	  
Measurements of standards were taken to attempt quantification of the relative 
amounts of Cr4+, Cr3+ and Cr2+. These were, for Cr4+, the interior of a Cr4+ doped 
lasing forsterite crystal, and for Cr3+ and Cr2+ the interfaces of experiments CODE4 
and CODE13, respectively (see Chapter 1.6). 
Samples were prepared as for XANES at the APS (see Chapter 1.6), but the 
analyses of CODE4 and CODE13 interfaces were considerably different at the ID21 
at the ESRF (this chapter) compared to beamline ID13E at the APS  – the beamlines 
have different geometries. The APS ID13E geometry is better for these experiments, 
as only one crystallographic axis needs to be kept constant (due to the 45° angle of 
incidence). Comparison between spectra at the ESRF, however, requires all axes to be 
kept constant (60° incidence angle). In addition, the Cr4+ standard likely contains 
appreciable Cr3+ (as discussed below).  
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Figure	  2.3.3:	  Standards	  measured	  in	  this	  study,	  along	  with	  a	  spectrum	  from	  Cr	  foil	  used	  to	  calibrate	  
the	  edge	  position.	  
 
	  
The orientation effect meant that the Cr2+ and Cr3+ standards were not used. 
Instead, the relative but not absolute changes in chromium valence state and 
coordination environment were determined along diffusion profiles – this is more 
important than full quantification for the purposes of this study. In this approach, the 
only standard used was the Cr4+ standard. Each spectrum was fitted to a linear 
combination of this standard and the interface spectrum from that experiment using 
solver toolpack (Excel). This scales the spectra from each experiment between zero 
and one.  
 
2.3.3 Results 
2.3.3.1 FTIR Results 
2.3.3.1.1 Assignment of peaks to point defects 
Despite the relative simplicity of the starting material used in this study, a 
cacophony of peaks are observed in FTIR spectra (Figure 2.3.4).  
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Figure	  2.3.4:	  Unpolarised	  FTIR	  spectra	  (looking	  down	  [010])	  from	  three	  experiments	  –	  two	  from	  
interfaces,	  one	  from	  the	  crystal	  interior	  -­‐	  	  this	  is	  necessary	  to	  show	  all	  peaks	  observed	  in	  this	  study.	  
 
 
Some of these peaks have been observed or described before, but others are 
not known. In this study, we have two methods of grouping peaks together – their 
behaviour in polarised measurements, and the way they group together in diffusion 
experiments. In addition, we have two methods of assigning peaks to point defects – 
their behaviour (at the interface) in differently buffered experiments and their XANES 
spectra. Therefore, the following section in which peaks are assigned to defects 
necessarily refers to other parts of the results section, along with the discussion.  
 
3368, 3324, 3307: The most prominent peaks in all interface spectra are a triplet at 
these wavenumbers, these represent hydroxyl associated with trivalent Cr. The H+ 
replaces one Mg2+, charge-balanced by Cr3+ replacing an adjacent Mg2+ (Berry et al., 
2007), forming a Cr3+H+SiO4 unit. This is notated [Cr-triv] as the trivalent Cr defect. 
 
3156: The weak, broad peak at 3156 cm-1 represents 2H+ charge-balancing an Mg 
vacancy, i.e. Mg(H2)SiO4 (Balan et al., 2011; Demouchy and Mackwell, 2003; 
Walker et al., 2007). This is present in all interface spectra. This is notated [Mg]. 
 
3612, 3566, 3580: The sharp peak at 3612 cm-1, seen in all experiments, was 
attributed to an hydroxylated Si vacancy by Lemaire et al. (2004). More specifically, 
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they attributed this peak to hydrogen located on the Si-O1 join in forsterite (Si refers 
to the T site). The 3566cm-1 peak is only visible in spectra from experiments buffered 
at low aSiO2 – it has considerable overlap with the prominent 3571 cm-1  peak. These 
peaks are notated [Si1]. 
 
3571, 3544 (3593?): This doublet (plus a possible third peak at 3593) is present in all 
experiments, but its interface concentration decreases to zero or nearly so in the 
highest temperature experiments. It is present at higher concentrations in periclase-
buffered experiments than when buffered by enstatite. The formation of this defect is 
associated with a disappearance of the pre-edge feature in XANES spectra, suggesting 
it is associated with Cr4+ moving from tetrahedral to octahedral coordination. Given 
the similarity with the Ti-clinohumite point defect (Balan et al., 2011; Berry et al., 
2005; Hermann et al., 2007; Walker et al., 2007) and the presence of tetrahedral Cr4+ 
in the starting material (e.g. Mass et al., 1996), is interpreted as a ‘Cr-clinohumite’ 
defect. This will be discussed further below, but the defect is thought to be comprised 
of a single Cr4+ replacing one Mg2+, with the excess charge balanced by replacement 
of one Si4+ for two H+, i.e. MgCr4+(H2)O4. This group is notated [CrCh-PD] – Cr-
clinohumite point defect - to distinguish it from a hypothetical Cr analogue of Ti 
clinohumite (the mineral). 
 
3492, 3478: These two peaks appear in the interior of crystals only – the defect that 
they are associated with appears to be fast-diffusing but unstable at equilibrium (i.e. 
not present at the crystal interface). We propose that these peaks relate to in-situ 
reduction of either Cr4+ to Cr3+ or Cr3+ to Cr2+ i.e. proton-polaron exchange (Kohlstedt 
and Mackwell, 1998; Mackwell and Kohlstedt, 1990). This defect will be notated as 
[Cr-ppe] for lack of any better understanding of the stoichiometry of the defect. 
 
3487, 3450, 3405, 3498, 3471, 3458: These peaks are complex. The first three are 
strongly present in the high temperature interface spectra. At <950 °C, the 3498 cm-1  
peak appears to replace the 3487 cm-1  peak. The latter two are present in interface 
spectra of periclase-buffered experiments. These peaks are all thought to relate to Si 
vacancies, but the stoichiometry of substitution is not known. This peak group will be 
notated [Si2]. 
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wavenumber	  (cm-­‐1)	   stoichiometry	   notation	   generic	  notation	  
3156	   MgH2SiO4	   [Mg]	   -­‐	  
3368,	  3324,	  3307	   Cr3+H+SiO4	   [Cr-­‐triv]	   	  
[Cr]	  3571,	  3544	   MgCr4+H2O4	   [CrCh-­‐PD]	  
3492,	  3478	   unknown	   [Cr-­‐ppe]	  
3612,	  3566,	  3580	   Mg2H4O4?	   [Si1]	  
[Si]	  
3487,	  3450,	  3405,	  3498,	  3471,	  3458	   Mg2H4O4?	   [Si2]	  
Table	  2.3.1:	  Assignment	  of	  FTIR	  peaks	  to	  point	  defects.	  [Si1]	  and	  [Si2]	  are	  differentiated	  based	  on	  
their	  apparently	  slightly	  different	  diffusive	  behaviour	  only,	  but	  may	  relate	  to	  the	  same	  defect.	  Generic	  
notation	  is	  necessary	  for	  when	  it	  is	  not	  clear	  which	  defects	  are	  involved	  in	  reactions.	  	  
 
2.3.3.1.2 Polarisation of [CrCh-PD], [Cr-triv] and [Mg] defects 
Polar plots of the FTIR spectra of the three main point defects are presented in 
Figure 2.3.5. The polarisation of the [Mg] defect when present at ~3160 cm-1 has been 
presented before (Lemaire et al., 2004) – it is strongly polarised along [001] - but the 
polarisation of the [Cr-triv] and [CrCh-PD] defects are not known. [CrCh-PD] is 
comprised of at least two peaks, one of which (3571 cm-1) is strongly polarised along 
[100], and the other of which is approximately equally polarised along [100] and 
[001]. The similarity with the [TiCh-PD[ should be noted here (see Chapter 2.2 along 
with Balan et al. (2011) and Padron-Navarta et al. (2014)).  
The [Cr-triv] defect is comprised of three peaks, but two of them (3309 and 3324) 
display the same polarisation, //[001]>>//[100]>//[010]. The smaller 3353 peak is 
polarised as //[100]>//[010]≈//[001]. 
The relative polarisation (i.e. the relative absorbance of the three groups where 
the electric vector is parallel to each principal axis) of each peak set is: 
 
 //[100] //[010] //[001] 
[CrCh-PD] 0.76 0.10 0.14 
[Cr-triv] 0.24 0.10 0.66 
[Mg] 0.0 0.0 1.0 
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Figure	  2.3.5:	  Polar	  plots	  of	  the	  [CrChPD],	  [Cr-­‐triv]	  and	  [Mg]	  defects	  (angle	  versus	  normalised	  
integrated	  absorbance)	  looking	  down	  [010],	  [001]	  and	  [100]	  (top,	  middle	  and	  bottom,	  respectively).	  
Colours	  are	  used	  to	  show	  the	  different	  scales	  of	  each	  plot	  –	  the	  maximum	  normalised	  integrated	  
absorbance	  is	  noted	  on	  the	  top	  right	  each	  plot.	  
 
The polarisation of the [Mg] defect is valid when the wavenumber is around 3160 cm-
1. The Mg vacancy peak at 3220 cm-1 (not observed in this study) is less strongly 
polarised, with 75% and 25% of its absorbance when E//[001] and E//[100], 
respectively (Balan et al., 2011; Padron-Navarta et al., 2014). The fact that [Mg] has 
two different peak positions is suggested to related to the two separate M sites in 
olivine (Lemaire et al., 2004). 
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2.3.3.1.3 H diffusion and concentrations as a function of T, P, aSiO2 and fO2 
The following section refers to results obtained by FTIR only, where a full 
internally consistent dataset is available (Table 2.3.1). 
 
2.3.3.1.3.1 The effect of temperature 
Interface concentrations 
The general, but not universal, trend is increasing OH at the crystal edge as 
temperature increases. Unpolarised interface FTIR spectra are presented in Figure 
2.3.6c, with the integrated areas underneath the three main peak groups shown in 
Figure 2.3.6d. The concentration of [Cr-triv] and [Mg] associated OH increase 
exponentially, over the studied temperature range. The concentration of [CrCh-PD] 
does not appear to change between 750-1000 °C. At higher temperatures, the addition 
of the Si vacancy peaks make determination of the [CrCh-PD] very difficult – there is 
considerable overlap – but it appears that at 1300 °C no (or very little) [CrCh-PD] 
remains at the interface.  
 
Diffusion 
Diffusion is faster at higher temperature, along all pathways. Diffusion 
profiles associated with the [CrCh-PD] along [001] are shown in Figure 2.3.6(a), for 
all experiments between 750-1000 °C. The x –axis is time-normalised distance 
(distance divided by square root time) to allow comparison between experiments 
conducted for different durations. Extracted diffusion coefficients as a function of 
inverse temperature are presented in Figure 2.3.6(b) for the main groups of point 
defects. The [Cr-triv] defect relationship is straightforward – the three [Cr-triv] peaks 
have no overlap with others. The [Mg] diffusion coefficients agree nearly perfectly 
with the [Cr-triv] coefficients up to 1000 °C, then at higher temperatures, increasing 
temperature does not appear to affect the diffusion rate of [Mg].  
With this considered, the [Cr-triv] (750-1300 °C) and [Mg] (750-1000 °C) 
coefficients were fitted to the logD=logD0+(Ea/2.303RT) relationship, giving: 
 
[Cr-triv] and [Mg], 750-1300 °C, [001], fo-en, 1.5GPa, Ni-NiO 
logD=-1.1 ±0.4 m2s-1+(-249±11 kJmol-1/(2.303RT)) (	  2.3:1	  )	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Figure	  2.3.6:	  The	  effect	  of	  temperature	  on	  diffusion	  and	  interface	  concentrations.	  (a)	  Diffusion	  
profiles	  of	  H	  between	  750-­‐1000	  °C	  as	  shown	  by	  [CrCh-­‐PD].	  x	  axis	  is	  time-­‐adjusted	  distance.	  (b)	  
Arrhenius	  relationship	  of	  diffusion	  coefficients	  against	  inverse	  temperature,	  in	  fo-­‐en	  buffered	  
conditions,	  at	  1.5	  GPa,	  Ni-­‐NiO,	  along	  [001].	  Note	  that	  the	  diffusion	  coefficients	  associated	  with	  the	  
hydroxylated	  M-­‐vacancy	  (black	  circles)	  do	  not	  apparently	  increase	  beyond	  1000	  °C.	  Diffusion	  of	  the	  
[Si2]	  defect	  is	  possible	  only	  above	  1080	  °C,	  using	  the	  prominent	  triplet	  between	  the	  [Si1]	  and	  [Cr-­‐triv]	  
regions.	  (c)	  Unpolarised	  interface	  spectra	  as	  a	  function	  of	  temperature,	  normalised	  to	  1	  cm	  thickness.	  	  
(d)	  Interface	  concentration	  of	  the	  main	  point	  defects	  as	  a	  function	  of	  temperature.	  Considerable	  
overlap	  between	  [CrCh-­‐PD]	  and	  [Si1]	  peaks	  at	  high	  temperatures	  mean	  that	  the	  concentration	  of	  Cr	  
clinohumite	  cannot	  be	  determined	  over	  1000	  °C,	  but	  it	  is	  likely	  to	  be	  near	  zero	  at	  1300	  °C	  (see	  (c)).	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Diffusion coefficients associated with [CrCh-PD] are slightly slower (generally 0.1-
0.3 log units), as shown in Table 2.3.1. Therefore, these coefficients were fitted 
separately, giving: 
[CrCh-PD], 750-1200 °C, [001], fo-en, 1.5GPa, Ni-NiO 
logD=-1.5 ±1.1 m2s-1+(-244±28 kJmol-1/(2.303RT)) (	  2.3:2	  )	  
 
Diffusion associated with interaction between Si vacancies [Si1] and/or [Si2] and Cr 
defects ([Cr-triv] and [CrCh-PD], discussed below) is slower again, and can only be 
observed in the high temperature experiments (but would be expected if low 
temperature experiments were run for longer as well). The equivalent relationship is: 
 
[Cr]-[Si] interaction, 1080-1300 °C, [001], fo-en, 1.5 GPa, Ni-NiO 
logD=-3.7±0.3 m2s-1+(-229 ± 8 kJmol-1/(2.303RT)) (	  2.3:3	  )	  
 
This is shown in Figure 2.3.6b as [Si2]. Relationships describing diffusion along 
[100] cannot be reliably determined from this dataset – diffusion coefficients along 
this axis were only determined at 750 and 850 °C. From the limited dataset, it appears 
that diffusion is around 1 order of magnitude slower along [100] than [001], which is 
consistent with the results from the previous chapter. 
 
 
Figure	  2.3.7:	  Map	  of	  [Cr-­‐triv]	  defect	  from	  experiment	  HYCR8	  –	  850	  °C,	  1.5	  GPa,	  fo-­‐per	  buffer,	  Ni-­‐NiO,	  
showing	  diffusive	  anisotropy.	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2.3.3.1.3.2 The effect of pressure 
Interface concentrations 
Increasing pressure leads to increased OH solubility. The clearest change is 
associated with [Cr-triv], which approximately doubles in interface concentration 
from 0.5 to 2.5 GPa (Figure 2.3.8a,b). The [CrCh-PD] has similar increase from 0.5 to 
1.5 GPa, then a lesser decrease from 1.5 to 2.5 GPa.    
 
Diffusion 
Hydrogen diffusion associated with [Cr-triv] and [Mg] is slower at higher 
pressure (Figure 2.3.8c,d), but the magnitude of the change is relatively small – 0.2-
0.4 logD units. Diffusion associated with [CrCh-PD] has no clear trend – it is slowest 
at 1.5 GPa. 
 
2.3.3.1.3.3 The effect of chemical activity 
Interfaces 
The [CrCH-PD], [Mg] and [Cr-triv] defects all have higher concentrations in 
fo-en buffered conditions, whereas the [Si1] and [Si2] defects have higher 
concentrations in fo-per buffered conditions. This is shown in Figure 2.3.9 – the 
treatment in (b) is to subtract one spectrum from the other – giving a simple indication 
of whether the OH is associated with the Si (T) or Mg (M) sites (defects with higher 
concentrations in fo-en buffered conditions are likely to be related to the M-site). 
[CrCh-PD] is the anomaly – like [TiChPD], it has higher concentration in fo-en 
buffered experiments, despite the H replacing Si. 
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Figure	  2.3.8:	  The	  effect	  of	  pressure	  on	  diffusion	  and	  interface	  concentrations,	  holding	  all	  other	  
variables	  constant	  (fo-­‐en,	  [001],	  850	  °C,	  Ni-­‐NiO)	  (a)	  Interface	  FTIR	  spectra	  (unpolarised),	  normalised	  to	  
1	  cm	  thickness.	  (b)	  Integrated	  absorbance	  (normalised	  to	  1	  cm	  thick)	  as	  a	  function	  of	  pressure.	  The	  
0.5	  GPa	  [Mg]	  data	  is	  below	  detection	  limit	  (c)	  [Cr-­‐triv]	  diffusion	  profiles	  (unpolarised)	  from	  the	  three	  
pressure	  conditions.	  (d)	  Diffusion	  coefficients	  as	  a	  function	  of	  pressure	  as	  shown	  by	  the	  three	  defects.	  	  
 
Diffusion 
Diffusion profiles for the [CrCh-PD] and [Mg] from 950 °C experiments 
along [001] are shown in Figure 2.3.10. The interface concentrations are clearly very 
different in the two buffering conditions for both defects, but the diffusion 
coefficients are relatively similar: -12.2 and -11.9 m2s-1 for diffusion along the [Mg] 
pathway in fo-en and fo-per buffered conditions, respectively, and -12.2 and -12.0 
m2s-1 according to the [CrCh-PD] profiles. Likewise, diffusion is also faster in fo-en 
buffered conditions at 850 °C by a similar order. 
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Figure	  2.3.9:	  The	  effect	  of	  chemical	  activity	  on	  interfaces	  spectra	  (unpolarised).	  (a)	  fo	  –	  ens	  and	  fo-­‐per	  
buffered	  experiments	  at	  850	  and	  950	  °C.	  (b)	  fo-­‐en	  buffered	  spectrum	  minus	  fo-­‐per	  buffered	  
spectrum.	  All	  peaks	  to	  the	  left	  of	  zero	  (pink	  region)	  have	  higher	  concentration	  in	  periclase-­‐buffered	  
conditions,	  peaks	  to	  the	  right	  (purple	  region)	  are	  higher	  in	  fo-­‐en	  buffered	  conditions.	  
 
2.3.3.1.3.4 The effect of oxygen fugacity 
Interface concentrations 
The point defects that are present at the interface do not change over ~20 log 
units fO2 at fixed P, T, aSiO2 conditions. It should be especially noted that [CrCh-PD] 
is still present in graphite-buffered experiments where the majority of Cr should be 
divalent or trivalent (see Chapter 1.6).  The general trend is an increase in 
concentrations of [Cr-triv] and [CrCh-PD] as fO2 decreases, but in the moderate range 
of fO2 provided by Fe2O3-Fe3O4, Ni-NiO and Re-ReO2, there is effectively no change 
(Figure 2.3.11a,b).  
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Figure	  2.3.10:	  Diffusion	  profiles	  from	  950	  °C	  experiments	  (unpolarised	  measurements)	  in	  fo-­‐en	  
(purple)	  and	  fo-­‐per	  (pink)	  buffered	  conditions.	  Note	  split	  scale.	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Figure	  2.3.11:	  The	  effect	  of	  fO2	  (unpolarised	  measurements).	  (a)	  Interface	  spectra	  from	  all	  fO2	  
conditions,	  at	  850	  °C,	  1.5	  GPa,	  fo-­‐en	  buffer.	  No	  clear	  change	  in	  point	  defect	  population.	  (b)	  Integrated	  
peak	  areas	  for	  [Cr-­‐triv],	  [Mg]	  and	  [CrCh-­‐PD].	  (c)	  Diffusion	  profiles	  as	  shown	  by	  [CrCh-­‐PD]	  and	  [Cr-­‐triv]	  
and	  (d)	  extracted	  diffusion	  coefficients.	  	  The	  fastest	  diffusion	  is	  in	  Ni-­‐NiO	  buffered	  conditions.	  fO2	  of	  
different	  buffers	  calculated	  from	  Ag-­‐Ag2O:	  Assal	  et	  al.	  (1997),	  Fe2O3-­‐Fe3O4	  :	  Hemingway	  (1990),	  	  Re-­‐
ReO2:	  Pownceby	  and	  O'Neill	  (1994),	  Ni-­‐NiO:	  O'Neill	  and	  Pownceby	  (1993),	  Graphite-­‐H2O	  :	  Connolly	  
and	  Cesare	  (1993).	  	  
 
 
Diffusion 
Diffusion profiles and extracted diffusion coefficients at different fO2 
conditions are presented in Figure 2.3.11c,d. Diffusion is fastest as shown by [CrCh-
PD], [Mg] and [Cr-triv] at Ni-NiO buffered conditions, but there is no clear trend 
when taking all data points into consideration.  
 
2.3.3.2 XANES results 
2.3.3.2.1 Spectral changes 
The spectra taken from the unmodified crystal interiors of the original 
anhydrous starting material show a strong pre-edge feature composed of a two peaks 
at 6022.2 (larger) and 6023.6 eV. The presence of this feature shows that the 
chromium is in tetrahedral coordination (e.g. Pantelouris et al., 2004) so, according to 
ionic radii constraints in forsterite, must be either Cr4+ or Cr6+. Cr3+ is unknown in 
tetrahedral coordination in minerals because of its extremely large octahedral site 
preference energy from crystal-field effects (Burns, 1975a) and Cr2+ has a strong 
preference for highly distorted sites due to the Jahn-Teller effect, plus an 
unfavourably large ionic radius. The growth process of these blue lasing crystals is 
designed to reduce any Cr6+ to Cr4+ on cooling (e.g. Akhmetzyanov et al., 2013; Mass 
et al., 1996; Rager et al., 1991) and the Cr6+ pre-edge feature is a much sharper peak 
than observed here (e.g. Berry and O'Neill, 2004), hence the feature is interpreted as 
tetrahedral Cr4+.  
All XANES spectra collected from each experiment in the fO2 series are 
shown in Figure 2.3.12. In each experiment, the spectra taken closest to the interface 
have a smaller pre-edge feature and a lower energy edge than spectra taken in the 
crystal interior. Similar relationships were seen in all experiments measured by 
XANES. 
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Figure	  2.3.12:	  XANES	  spectra	  from	  the	  fO2	  series	  (all	  experiments	  conducted	  at	  850	  °C,	  fo-­‐en,	  1.5	  GPa,	  
[001]).	  In	  all	  conditions,	  the	  interface	  spectra	  has	  a	  weaker	  or	  non-­‐existent	  pre-­‐edge,	  and	  a	  lower	  
energy	  edge.	  
 
	  
2.3.3.2.2 Diffusion profiles measured by XANES  
XANES spectra from each experiment were fitted to linear combinations of 
the “Cr4+ standard” and the interface spectra from the same experiment. In this way, 
for each experiment a plot of C(x)/Crim versus distance (x) from the interface was 
produced, scaled between zero (the Cr4+ standard) and one (the interface). Here the 
term C refers to the concentration of the defects responsible for the Cr4+ standard 
spectrum – likely a combination of Cr3+ (octahedral) and Cr4+ (tetrahedral) (estimated 
as around 40% Cr4+, 60% Cr3+, see discussion and (Rager et al., 1991; Ryabov, 2011), 
for example). Thus, a change in C(x)/ Crim could relate to a change in Cr4+ 
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coordination environment (tetrahedral to octahedral), reduction of Cr4+ to Cr3+ or Cr3+ 
to Cr2+, or the opposite (oxidation) reactions. 
In all experiments, the near interface region showed a large decrease in C(x)/ 
Crim followed by a break in slope to a more gradual decrease in C(x)/Crim. In some 
experiments a second break in slope was observed followed by a third, yet more 
gradual decrease in C(x)/Crim. Several example C(x)/Crim against distance from crystal 
edge plots are presented in Figure 2.3.13: 
 
 
Figure	  2.3.13:	  Changes	  in	  Cr	  K-­‐edge	  XANES	  spectra	  away	  from	  the	  crystal	  edge.	  The	  y	  axis	  is	  C(x)/Crim	  –	  
this	  represents	  the	  contribution	  from	  the	  spectrum	  measured	  closest	  to	  the	  interface	  (C(x)/Crim	  =1)	  
and	  the	  “Cr4+	  standard”	  (C(x)/Crim	  =0).	  This	  does	  not	  discriminate	  against	  shifts	  in	  edge	  spectra	  caused	  
by	  changes	  in	  coordination	  environment	  or	  changes	  in	  valence	  state.	  
	  
2.3.4 Discussion 
2.3.4.1 Defect formation reactions and diffusion mechanisms 
2.3.4.1.1 Redox at the interface: [Si] – [CrCh-PD] interaction 
The slowest diffusion mechanism is visible only by XANES in the crystals 
from the low temperature experiments (850 °C) but in the crystals from the high 
temperature experiments (>1080 °C) it becomes observable with FTIR too (Figure 
2.3.14). This is a matter of the diffusive length scale: if the low temperature 
experiments were run for longer, this mechanism should be visible by FTIR as well. 
This mechanism is apparent in the XANES spectra as an edge shift to lower 
energy and disappearance of the pre-edge feature. In the FTIR spectra, it is shown by 
an upwards inflexion in [Cr-triv] profiles away from the error function, and near 
complete disappearance of [CrCh-PD]. This appears to be associated with diffusion-in 
of the high temperature [Si2] triplet.  
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Figure	  2.3.14:	  Unpolarised	  FTIR	  (top)	  and	  XANES	  (bottom)	  data	  showing	  the	  slowest	  diffusion	  
mechanism	  observed	  in	  this	  study.	  (a)	  Stacked	  FTIR	  spectra	  from	  the	  1300	  °C	  experiment.	  (b)	  
integrated	  peak	  areas	  for	  the	  [Si2]	  and	  [Cr-­‐triv]	  defects	  from	  spectra	  presented	  in	  (a).	  Also	  shown	  is	  
the	  height	  of	  the	  3544	  cm-­‐1	  peak	  associated	  with	  [CrCh-­‐PD]	  –	  it	  is	  not	  possible	  to	  reliably	  integrate	  this	  
defect	  given	  overlap	  with	  [Si1].	  In	  the	  equilibration	  region,	  [CrCh-­‐PD]	  is	  lost	  and	  [Cr-­‐triv]	  and	  [Si2]	  
increase.	  (c)	  XANES	  spectra	  from	  850	  °C,	  fo-­‐per	  buffered	  experiment.	  (d)	  spectra	  from	  (c)	  fitted	  using	  
linear	  combinations	  between	  the	  closest	  spectrum	  to	  the	  interface	  (assigned	  C(x)/Crim	  =	  1)	  and	  an	  
unmodified	  crystal	  interior	  spectrum.	  The	  region	  where	  Cr4+	  is	  reduced	  (shown	  by	  edge	  shift)	  is	  
limited	  to	  the	  first	  ~20	  µm	  so	  cannot	  be	  readily	  observed	  by	  FTIR.	  
 
	  
This mechanism appears to equilibrate the chromium valence states at the crystal edge 
with the externally buffered fO2 producing a combination of Cr2+ and Cr3+ and 
eliminating Cr4+. That this reduction has a much slower diffusion rate than the others 
is a result of the necessity to rearrange defects on the tetrahedral sublattice (rather 
than only the octahedral sublattice, as discussed later for other defects). If the starting 
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material has Cr4+ replacing Si4+ in tetrahedral coordination, reduction of the 
chromium becomes difficult. Cr4+ reduction to Cr3+ in situ is unlikely to be possible.  
The equilibrium reaction must therefore involve chromium moving to the 
octahedral site, involving local rearrangement on both M and T sublattices. Cr4+ 
moving from the tetrahedral site has to involve replacement of Cr4+ by Si4+ or 4(H+); 
the hydration option is considered more likely on these short timescales (Si self 
diffusion is around 10 orders of magnitude too slow (Costa and Chakraborty, 2008; b 
et al., 2002; Fei et al., 2013). In addition, two Mg cations must vacate their sites in 
order to accommodate the Cr3+ and H+.  
 
CrSi×+ 2MgMg× + 52 H2O = CrMg• + HMg/ + (4H)Si× + 2MgO + 14 O2  
    ol               ol                                      ol            ol               ol            
(	  2.3:4	  )	  
 
or 
 
Mg2Cr4+O4 + 52 H2O = Cr3+H(H4 )O4 + 2MgO + 14 O2  
           ol                                                        ol                        
(	  2.3:5	  )	  
 
This reaction is valid in periclase buffered experiments; where enstatite is 
present the MgO is reacted away to form forsterite. 
Equations ( 2.3:4 ) and ( 2.3:5 ) explain the increase in [Cr-triv] and [Si2] at the near 
interface region of the high temperature experiments (Figure 2.3.14a,b), and it is 
likely that the same process leads to the large changes in XANES edge positions at 
the near interface (Figure 2.3.14c,d). 
That fully hydrated Si vacancies move relatively slowly in olivine has been shown for 
the diffusion-out case by Padron-Navarta et al (2014). They showed that 4H+ 
replacing Si in pure forsterite diffused extremely slowly, whereas interaction between 
4H+ and Ti defects allowed orders-of-magnitude faster diffusion. The reactions 
presented above are likely analogous to the [Ti]-[Si] interaction pathway of Padron-
Navarta et al (2014). 
 
2.3.4.1.2 [CrCh-PD] 
To form a Cr-clinohumite defect, where a single Cr4+ replacing Mg2+ on the 
octahedral site is charge-balanced by two H+ replacing one Si4+, does not require 
movement of Si vacancies. Rather, the Cr4+ moves from the tetrahedral to the 
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octahedral, with charge-balance achieved by two H+ associated with the now vacant 
tetrahedral site. This displaces a single Mg2+; at the interface this would form MgO. 
 
CrSi×+ MgMg× + H2O = CrMg•• + (2H)Si× + MgO  
    ol            ol                                 ol              ol      
 
(	  2.3:6	  )	  
 
 
Mg2Cr4+O4 + H2O = MgCr4+H2O4 + MgO  
              ol                                               ol
 
(	  2.3:7	  )	  
 
In XANES profiles, this reaction is shown by the decrease in intensity of the 
pre-edge feature assigned to tetrahedrally-coordinated Cr4+ (Pantelouris et al., 2004) 
towards the interface.  
The diffusive propagation of [CrCh-PD] must then either involve exchange of 
CrSi
×+ MgMg
×  for CrMg
•• + (2H)Si
×   or interaction between the anhydrous tetrahedral Cr 
defect and [Mg]: 
 
  CrSi
×+ (2H)Mg × = CrMg•• + (2H)Si//  
     ol              ol                 ol              ol 
(	  2.3:8	  )	  
 
 
As a result, the diffusion of hydrogen along this pathway should be expected to occur 
at around the same rate as that of [Mg] (i.e. as investigated by Demouchy and 
Mackwell (2003). Alternatively, [CrCh-PD] could form by interaction with two [Cr-
triv] defects, by dehydroxylation of [Cr-triv] and hydroxylation of the Cr4+: 
 
CrSi
×+  2HMg
/ =  CrMg
•• +  (2H)Si
// +   VMg
//  
    ol               ol                ol                ol                ol          
(	  2.3:9	  )	  
 
 
Note that these reactions are exactly analogous to those leading to the formation and 
diffusion of the [TiCh-PD] presented in the previous chapter. 
 
2.3.4.1.3 [Mg] defect 
The formation of this defect is straightforward and has been discussed previously. 
Simply, two H+ directly replace a single Mg2+ and form MgO at the interface:  
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MgMg× + H2O = (2H)Mg× + MgO  
     ol                                     ol                 
 
(	  2.3:10	  )	  
 
 
Mg2SiO4 + H2O = MgH2SiO4 + MgO  
            ol                                           ol                    
 
(	  2.3:11	  )	  
 
 
Diffusion of this defect then only requires magnesium-vacancy exchange; vacancy 
mobility is likely to be the rate-limiting step in this case (Demouchy and Mackwell, 
2003). 
Formation of this defect will not have any effect on Cr K-edge XANES spectra. 
 
2.3.4.1.4 [Cr-triv] defect 
If some Cr3+ is already present in the starting material (probably charge-
balanced by Mg vacancies), formation of [Cr-triv] is also simple and only involves 
local rearrangement on the octahedral sublattice. 
 
 
 VMg
// + MgMg
× + H2O = 2HMg
/ + MgO  
     ol              ol             ol              ol              ol    
(	  2.3:12	  )	  
 
 
3
4 Cr4/33+[vac]2/3SiO4 + 14 Mg2SiO4 + 12 H2O = Cr3+H+SiO4 + 12 MgO  
                   ol                                      ol                                                  ol     
 
(	  2.3:13	  )	  
 
 
The initial state is two Cr3+, one Mg vacancy and one Mg2+ occupying four 
octahedral sites. When H+ is added, the two Cr3+ are joined by two H+ to achieve 
charge-balance, expelling one Mg2+. The propagation of the [Cr-triv] can then 
proceed at the same rate as M-site vacancy diffusion such that the displaced Mg2+ has 
an available site to move into. It should be noted again, that the H+ do not necessarily 
need to be “on” the Mg site – they could be interstitial, or closely associated with an 
adjacent oxygen anion, but this makes no difference for the stoichiometry of the 
reaction. 
This reaction should not be visible to Cr K-edge XANES – Cr does not 
undergo any coordination environment or valence state change. 
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2.3.4.1.5 [Cr-ppe] defect 
That the fast-diffusing defect at 3493cm-1 represents a valence change, is 
suggested by several lines of evidence. Firstly, the diffusion is faster than H diffusion 
associated with M site vacancies and the only known mechanisms with faster rates are 
hydrogen-polaron exchange a.k.a. hydrogen-electron coupled diffusion (Kohlstedt 
and Mackwell, 1998; Mackwell and Kohlstedt, 1990), which occurs at a similar rate 
to hydrogen-deuterium exchange (i.e. hydrogen self-diffusion; (Du Frane and 
Tyburczy, 2012)). Secondly, the diffusion rate suggested by XANES data (showing 
an edge shift, indicative of valence state change) appears to be similar to the fast 
mechanism from FTIR. Thirdly, any fast hydrogen-electron coupled diffusion is 
likely to be unstable, as in-situ reduction of either Cr4+ or Cr3+ will leave complexes 
that are not found at equilibrium due to ionic radius discrepancy or irregular charge 
fields. This may explain the humped diffusion profiles. 
 
 
Figure	  2.3.15:	  Stacked	  FTIR	  spectra	  (unpolarised)	  from	  experiment	  HYCR5	  (fo-­‐en	  buffer,	  2.5	  GPa,	  Ni-­‐
NiO).	  Highlighted	  region	  is	  the	  [Cr-­‐ppe]	  defect	  showing	  a	  humped	  profile.	  Absorbance	  is	  not	  thickness	  
corrected.	  
	  
The simple reduction of tetrahedral Cr4+ to Cr3+ is not likely to be possible 
given the large octahedral site preference energy of Cr3+ (Burns, 1975a). The 
reduction of octahedral Cr3+ to Cr2+ could be described by: 
 
CrMg
• + 12 H2O = CrHMg
× +Hi
• + 14 O2  
    ol                                   ol             ol      
(	  2.3:14	  )	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This produces an interstitial proton, which can then move from Cr2+ to Cr3+ 
very rapidly. The defect associated with this reaction is likely to be less stable than 
the slower moving defects moving in from behind. Thus, the defect created by ( 
2.3:14 ) may be annihilated by some interaction with slower moving defects ([Mg], 
[Cr-triv] or [CrCh-PD]). 
 
2.3.4.2 The effect of chemical activity 
Packing the Cr-doped forsterite inside different phase assemblages controls 
the activities of the major components (MgO and SiO2). The concentration of the H-
bearing defect at the interface should then represent the equilibrium amount given a 
fixed total Cr content, according to the appropriate invariant reactions. In the 
following section, the ‘concentration’ of the defects are the normalised integrated 
unpolarised absorbances of the different peak groups in FTIR spectra, looking down 
the [010] axis. Concentrations could be given in wt. ppm H2O (using an absorption 
coefficient), or as mole fraction, but in this section only the relative concentration 
between different conditions is considered, so the integrated absorbance is adequate 
(and also advantageous as it makes no assumptions about validities of absorption 
coefficients). 
Taking the 850 and 950 °C 1.5 GPa, Ni-NiO buffered forsterite-periclase and 
forsterite-enstatite buffered experiments into account, reactions can be written that 
describe the formation of the [Cr-triv], [Mg] and [CrCh-PD] from the starting crystal, 
which we assume is comprised of pure forsterite Mg2SiO4 with tetrahedral Cr4+ 
(Mg2Cr4+  O4) and octahedral Cr
3+ (Cr3+4/3 [vac]
 
2/3 SiO4). The thermodynamic treatment 
used here is similar to that used in the previous chapter, but given its complexity it 
will be again presented in full. 
The hydroxylation of tetrahedral Cr4+ to form [CrCh-PD] in the presence of 
periclase is described by ( 2.3:7 ), with the relevant reaction constant defined as: 
 
K=
aol
MgCr4+H2O4
. aMgO
aol
Mg2Cr
4+O4
. fH2O( )
1
2
 
(	  2.3:15	  )	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Cr4+ is not an equilibrium valence state in these experiments (except maybe the Ag-
Ag2O experiment) but as the spatial resolution of FTIR is relatively poor, it does not 
see the true equilibrium state of the crystal. Cr4+ is considered as metastable, but as 
we show, can still be approximately treated according to equilibrium 
thermodynamics. 
Given that MgO is explicitly present, and pure (i.e. has activity of one), fH2O 
is constant at fixed P and T, and that lnK=-ΔG/RT and a=Xγ (X is mole fraction, γ is 
activity coefficient): 
 
ln(X[CrCh-PD]
ol )per + lnγ [CrCh-PD]
ol - ln(X
Mg2Cr
4+O4
ol ) + lnγ
Mg2Cr
4+O4
ol( )= -ΔGRT  
	  
(	  2.3:16	  )	  
 
The equivalent of ( 2.3:7 ) when enstatite is present is: 
 
Mg2Cr4+O4 + 12 Mg2Si2O6 + H2O = MgCr4+H2O4 + Mg2SiO4  
            ol                              opx                   liq.                       ol                             ol 
(	  2.3:17	  )	  
 
 
And its equivalent of ( 2.3:16 ) is: 
 
ln(X[CrCh-PD]Ol )ens + lnγ [CrCh-PD]Ol - ln(XMg2Cr4+O4
Ol ) + lnγ Mg2Cr4+O4
Ol( )= -ΔGRT  
(	  2.3:18	  )	  
 
 
Subtracting ( 2.3:16 ) from ( 2.3:18 ) removes the whole 
 lnγ [CrCh-PD]Ol - ln(XMg2Cr4+O4
Ol ) + lnγ Mg2Cr4+O4
Ol( )  expression, leaving, simply,  
 
ln(X[CrCh-PD]Ol )ens − ln(X[CrCh-PD]Ol )per = 
-ΔG
RT  
(	  2.3:19	  )	  
 
 
Where ΔG is the free energy of the reaction derived by subtracting reaction ( 2.3:7 ) 
from ( 2.3:17 ), i.e.: 
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1
2 Mg2Si2O6 + MgO = Mg2SiO4  
          opx                      per                  ol
 
(	  2.3:20	  )	  
 
 
Then, as there are two H+ in each Cr-clinohumite unit, and removing the natural 
logarithms from ( 2.3:19 ) to make the direct ratio of H concentrations associated with 
[CrCh-PD] the subject: 
 
X CrCh-PD[ ]Ol( )ens
X CrCh-PD[ ]Ol( )per
= exp -ΔGRT
⎛
⎝⎜
⎞
⎠⎟
⎛
⎝⎜
⎞
⎠⎟
1
2
 
(	  2.3:21	  )	  
 
 
The square root term is necessary as there are two H per [CrCh-PD]. The free 
energy of ( 2.3:21 ) can be readily calculated from (Holland and Powell, 2011) at 
850°C, 1.5 GPa as -25.45 kJmol-1, which gives a predicted ratio of 3.9; i.e. 3.9 x more 
[CrCh-PD] in enstatite-buffered experiments compared to periclase-buffered.  
However, the data show that the H2O concentration is only around twice as 
high in enstatite-buffered experiments. The formulations of equations ( 2.2:16 ) to ( 
2.3:21 ) assumed complete short-range ordering between the two H+ and the Cr4+, but 
if this is not the case, then the 2H+ and Cr4+ need to be treated individually, thus the 
mole fraction terms need to be squared again. This gives better agreement with the 
data (Figure 2.3.16). Effectively, this means that if the position of the Cr4+ is known, 
the positions of the two H+ are not fully defined.   
 
 
Figure	  2.3.16:	  Predicted	  ratios	  of	  defect	  concentrations	  between	  different	  aSiO2	  buffering	  conditions.	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Similarly, the reactions describing the formation of the MgH2SiO4 defect from 
Mg2SiO4 in the presence of periclase and enstatite are described by ( 2.3:11 ) and : 
 
1
2 Mg2Si2O6 + H2O = MgH2SiO4          opx                   liq                     ol 
(	  2.3:22	  )	  
 
 
The reactions describing the formation of the Cr3+  H
+
  SiO4 defect are ( 2.3:13 ) and ( 
2.3:23 ) : 
 
3
4 Cr3+4/3[vac]2/3SiO4 + 14 Mg2Si2O6 + 12 H2O = Cr3+H+SiO4 + 14 Mg2SiO4  (	  2.3:23	  )	  
 
Applying the same thermodynamic treatment to these defects as the Cr clinohumite 
(except without the square root term, as there is only one H+ per [Cr-triv]) allows 
curves of predicted interface concentrations versus temperature to be produced 
(Figure 2.3.16). In the case of the [Mg], [CrCh-PD] and [Cr-triv] defects, comparing 
the data with thermodynamic predictions always suggests that the H+ are disordered 
with respect to each other or the associated chromium.  
 
2.3.4.3 Quantifying mole fractions of hydroxylated defects from FTIR spectra 
Several steps are necessary to convert integrated absorbance measured in the 
(010) plane (i.e. to characterise diffusion along the [001] and [100] directions) to mole 
fractions of hydroxylated defects. This is necessary for the next section of the 
discussion. 
Firstly, the unpolarised integrated absorbance (normalised to 1 cm thickness) 
is multiplied by a factor to give total integrated absorbance (the sum of absorbance 
along three mutually perpendicular axes). This factor depends on the polarisation of 
the absorption band, as presented above. An unpolarised spectrum measured in the 
(010) plane is the average of polarised spectra measured with electric vectors parallel 
to [001] and [100]. For example, the [Mg] defect has 100% of its absorbance when 
E//[001] and 0% when E//[100], so an unpolarised spectrum measured in the (010) 
plane will have 50% of the total absorbance of the [Mg] band (the other 50% will be 
seen when measuring in the (100) plane. 
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Then, total integrated absorbance (for each defect) is converted to wt. ppm 
H2O using the calibrations of Bell et al (2003) or Kovacs et al (2010) – absorbance is 
multiplied by 0.188 or 0.18, respectively.  
Mole fractions are then calculated for each defect, remembering that the mass 
of H and 2H are ~1/18th and 1/9th of the mass of H2O, and that [Cr-triv] has 1 H+ per 
unit and [Mg] and [CrCh-PD] have 2 H+. 
 
2.3.4.4 Anhydrous versus hydrous defects – the pressure effect 
The equilibrium constant for ( 2.3:23 ) where one [Cr-triv] defect is produced 
from its anhydrous counterpart is: 
 
K(2.3:24). fH2O( )
1
2 =
a
Cr3+HSiO4
ol
aCr4/3[vac]2/3SiO4
ol( ) 34
 
(	  2.3:24	  )	  
 
 
In the above discussion, it was shown that the Cr3+ and H+ are disordered with respect 
to each other in the [Cr-triv] defect, hence aCr3+HSiO4
ol ∝ XCr3+HSiO4
ol( )2 . From Chapter 1.6, 
it was ambiguous whether the Cr3+ and vacancy in the anhydrous defect were ordered 
or disordered, i.e. aCr4/33+ [vac]2/3SiO4
ol( ) 34 ∝XCr4/33+ [vac]2/3SiO4ol  or . 
Assuming that all Cr3+ is comprised of either Cr3+H+SiO4 or Cr3+4/3[vac]2/3SiO4, ( 
2.3:25 ) is formulated for the case of a disordered anhydrous defect: 
 
K(2.3:24,a) . fH2O( )
1
2 =
X
Cr3+HSiO4
ol( )2
ΣX
Cr3+
ol −X
Cr3+HSiO4
ol( )2
 
(	  2.3:25	  )	  
 
 
And where the Cr3+ and vacancy in the anhydrous defect are ordered: 
 
K(2.3:24,b) . fH2O( )
1
2 =
X
Cr3+HSiO4
ol( )2
ΣX
Cr3+
ol −X
Cr3+HSiO4
ol  
(	  2.3:26	  )	  
 
 
aCr4/3[vac]2/3SiO4ol( )
3
4 ∝ XCr4/3[vac]2/3SiO4
ol( )2
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Rearranging ( 2.3:25 ) to make the [Cr-triv] defect the subject gives: 
 
X
Cr3+HSiO4
ol =
ΣX
Cr3+
ol . K(2.3:24,a) . fH2O( )
1
2
1+ K(2.3:24,a) . fH2O( )
1
2
 
(	  2.3:27	  )	  
 
 
And for ( 2.3:26 ): 
 
X
Cr3+HSiO4
ol = −
K(2.3:24,b) . fH2O( )
1
2 − K(2.3:24,b) . fH2O( )
1
2 K(2.3:24,b) . fH2O( )
1
2 + 4ΣX
Cr3+
ol⎛
⎝⎜
⎞
⎠⎟
2
 
(	  2.3:28	  )	  
 
 
The total absorbance is then converted to wt ppm H2O by multiplying by 0.18 
(using the absorption coefficient of Kovacs et al. (2010)). The calibration by Bell et al 
(2003) suggests a coefficient of 0.188; for the purposes of this study the choice of 
coefficient is unimportant as it is likely that neither are appropriate for the [Cr-triv] 
defect (see below).  
The total Cr3+ in the starting material is not known, only the total Cr (159 ± 4 
ppm). Therefore, calculations were made assuming Cr3+/ΣCr of 0.1, 0.2,…0.9, 1.0, 
i.e. ΣXCr3+ol equivalent to 15.9, 31.8 … 143.1, 159 ppm.   
K.fH2O1/2 is calculated using ( 2.3:25 ) or ( 2.3:26 ), then K from known 
values of fH2O as a function of P and T (see previous chapter). The same method as 
in the previous chapter is then used to predict changes in mole fraction of [Cr-triv], 
and hence concentration of H2O as a function of pressure by fixing the curves to the 
value of K.fH2O1/2 at 0.5GPa. 
For the formation of [CrCh-PD] from tetrahedral Cr4+ a similar relationship to 
(2.3:24) is defined: 
 
K(2.3:17).fH2O = 
a
MgCr4+H2O4
ol
a
MgCr4+SiO4
ol  
(	  2.3:29	  )	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Then, assuming that the Cr4+ and 2H+ in [CrCh-PD] are disordered (i.e.
aMgCr4+H2O4
ol ∝ XMgCr4+H2O4
ol( )2 ) and that the mole fraction of anhydrous tetrahedral Cr4+ is 
directly proportional to its concentration (i.e. aMg2Cr4+O4
ol ∝XMg2Cr4+O4
ol ): 
 
K(2.3:17).fH2O=
X
MgCr4+H2O4
ol( )2
ΣX
Cr4+
ol -X
MgCr4+H2O4
ol  
(	  2.3:30	  )	  
 
 
Rearranging this equation to make mole fraction of [CrCh-PD] the subject gives: 
 
X
MgCr4+H2O4
ol = −
K(2.3:17). fH2O − K(2.3:17). fH2O. K(2.3:17). fH2O + 4ΣXCr3+
ol( )
2
 
(	  2.3:31	  )	  
 
 
From these relationships, the effect of pressure on [CrCh-PD] can be determined in 
the same way as for [Cr-triv].  
From the limited dataset, it appears that the relationship between [Cr-triv] and 
its anhydrous counterpart best fits the data when the Cr3+ and vacancy in the 
anhydrous defect are ordered. Ordering of Cr3+ with vacancies was also inferred from 
electron paramagnetic resonance (EPR) by Ryabov (2010), and 90-100% of the Cr in 
the starting material is Cr3+. The equivalent relationship for [CrCh-PD] suggests that 
40-50% of Cr in the starting material is Cr4+. Clearly both of these results cannot be 
correct, hence it is likely that the 0.18 absorption coefficient is not applicable for one 
or both of these defects.  
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Figure	  2.3.17:	  The	  effect	  of	  pressure	  on	  interface	  H2O	  concentrations	  associated	  with	  [Cr-­‐triv]	  (a	  and	  
b)	  and	  [CrCh-­‐PD]	  (c).	  Lines	  are	  contours	  representing	  different	  Cr3+/ΣCr	  (blue	  to	  green)	  and	  Cr4+/ΣCr	  
(red	  to	  yellow)	  according	  to	  the	  activity-­‐mole	  fraction	  relationships	  presented	  below	  each	  figure.	  
 
	  
The coefficient has been determined by Kovács et al. (2010) using Sc3+HSiO4 
[Sc-triv] defects for the trivalent region, and MgTi4+H2O4 ([TiCh-PD]) defects for the 
relevant region to [CrCh-PD]. It is not known whether different trivalent or 
clinohumite-type defects have different absorption coefficients. 
Regardless of the absolute concentrations of hydroxyl associated with each 
defect, the important result here is that increasing fH2O leads to increasing OH in the 
crystal, but this is limited to some extent by the pre-existing point defect population of 
the starting material. 
 
2.3.4.5 Absorption coefficients 
The concentration of [Mg] and [Cr-triv] increases as the temperature of the 
anneal increases (at Ni-NiO, fo-(pr)En, 1.5GPa). The concentration of [CrCh-PD] 
stays constant between 750-950 °C, then at higher temperatures is difficult to 
determine, but likely decreases as Cr4+ becomes reduced to Cr3+ by interaction with 
[Si] defects. 
But, if we assume that the 0.18x absorption coefficient (Kovacs et al, 2010) is 
correct, the concentration of H2O associated with [Cr-triv] at 1300°C is 42 ppm 
(integrated area of 105 = total absorbance of 233 = 42 ppm H2O). This is equivalent 
to a [Cr-triv] mole fraction of 6.5x10-4, which would require 240 ppm anhydrous Cr 
in the starting material. Conversely, 159 ppm Cr (measured concentration in starting 
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material) is equivalent to XCr4/33+ [vac]2/3SiO4
ol of 4.3 x 10-4, and the same mole fraction of [Cr-
triv] is equivalent to 28 ppm H2O. This means that the absorption coefficient for [Cr-
triv] must be 0.12 or lower. 
In addition, an absorption coefficient around 0.12 would suggest that around 
60% (rather than 90-100%) of the starting Cr was Cr3+ according to the pressure 
relationships presented above – this agrees with the determination that tetrahedral 
Cr4+ makes up around 40%. 
Interestingly, in the determinations of H2O concentrations associated with 
different trivalent defects by Berry et al (2007), Cr-associated defects fall off all of the 
trends, to the extent that the Cr data points are not plotted on several of the figures. 
The [Cr-triv] defect is also the most complex of the trivalent defects in FTIR spectra, 
with three strong peaks. Potentially, [Cr-triv] has a different absorption coefficient 
than the other [triv] defects due to its complexity – a single H may be able to absorb 
infrared radiation in multiple bands.  
  
2.3.4.6 The effect of aSiO2 on diffusion rate 
It is noteworthy that the diffusion rate according to each defect is strongly 
affected by temperature and crystal orientation (where data is available), but aSiO2 
only affects the interface concentration without having any major impact on diffusion 
rate.  
Although the mechanism for this is unclear (see Chapter 1.2), changing aSiO2 
leads to a change in M-site vacancy concentration, with higher vacancy concentration 
at higher aSiO2. Therefore, any cation that diffuses on the M-site should diffuse faster 
in the presence of (proto)enstatite than periclase. 
The lack of dependence of H diffusion on SiO2 may be due to the low 
temperatures (850-950 °C) at which the comparisons were made – aSiO2 appears to 
have no effect on Mg tracer diffusion below 1100 °C (Chapter 1.2).  
Alternatively, the lack of dependence may be due to the diffusion mechanism; 
if H+ diffuses interstitially, charge-balanced by M-vacancy, then the vacancy is 
always available to exchange places with lattice Mg, hence the total vacancy 
concentration should have only a minor control on diffusion rate. This is similar to the 
mechanism discussed for Be2+ in chapter 1.3. 
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2.3.4.7 XANES versus FTIR 
Whilst the main purpose of this study was to determine the diffusivity of 
hydrogen associated with different point defects in Cr-doped forsterite (as an 
extension of Chapter 2.2), one secondary purpose was to investigate whether XANES 
has any merit for studying H diffusion. 
In terms of determining the rate of H diffusion in the majority of cases, 
XANES offers few advantages over FTIR. It is unable to discriminate between 
different diffusion mechanisms with certainty (i.e. XANES data show different 
mechanisms, but their identification would not be possible without the FTIR data). In 
addition, XANES is unlikely to be able to detect sub-ppm H2O as FTIR can, and the 
time taken to acquire each data point is considerably longer (~15 minutes c.f. <2 
minutes). Hydrogen associated with [Si], [Mg] or [Cr-triv] (when formed by 
hydroxylation) is also invisible to XANES – it requires H diffusion to change either 
the valence state or coordination environment of Cr to be visible. 
However, for the purposes of this study, XANES has two large advantages. Firstly, it 
is able to measure diffusion profiles in the 10-20 µm length range, which would not 
be possible using FTIR. The combination of FTIR with XANES therefore allows 
multiple diffusion profiles to be identified in a single sample without the necessity for 
running multiple experiments for different timescales. 
Secondly, XANES sees all Cr, regardless of whether or not it is hydroxylated. 
Reduction of Cr3+ or Cr4+ to Cr2+ at the near interface would be invisible to FTIR – 
Cr2+ has no stable hydrogen-associated defect. This also showed that Cr4+ was moving 
out of tetrahedral to octahedral coordination, forming [CrCh-PD]. Where FTIR 
showed Cr4+ only when it was hydroxylated into [CrCh-PD], XANES showed the 
opposite – the unambiguous Cr4+ pre-edge feature was present only when Cr4+ was 
not yet hydroxylated. 
Therefore, we suggest that XANES and FTIR may be combined to give a 
deeper understanding of such diffusive processes, but FTIR can be used as a stand-
alone technique where XANES probably cannot. 
 
2.3.4.8 Comparison with previous studies 
Hydrogen diffusion in forsterite and olivine has been well studied since the 
earliest work of Mackwell and Kohlstedt (1990) followed by Demouchy and 
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Mackwell (2003) and Demouchy and Mackwell (2006). These studies showed that 
there are two mechanisms of hydrogen diffusion in olivine, one which produces long 
diffusion profiles in very short timescales and another that is several orders of 
magnitude slower. The fast diffusion pathway corresponds to proton-polaron 
exchange – in situ reduction of Fe3+ by protonation, and the slower pathway results 
from hydroxylation of M-sites and diffusion of [Mg] defects. Padron-Navarta et al., 
(2014) then determined two more pathways – one showing very slow diffusion 
associated with [Si] defects and another with a rate intermediate between this and 
[Mg] diffusion. The data from this study are consistent with the [Mg] diffusion rate of 
Demouchy and Mackwell (2003), Demouchy and Mackwell (2006) and Padron-
Navarta et al. (2014) in terms of diffusion profiles recorded by the [Cr-triv], [Mg] and 
[CrCh-PD] pathways. The slower diffusion mechanism related to [Si]-[Cr] interaction 
is consistent with the rate of diffusion along the [Si]-[Ti] interaction pathway 
recorded by Padron-Navarta et al. (2014).  
 
 
Figure	  2.3.18:	  c	  axis	  Arrhenius	  curves	  from	  this	  study	  (thick	  black	  lines)	  against	  [001]	  diffusion	  data	  
from	  previous	  studies.	  MK90:	  Mackwell	  and	  Kohlstedt	  (1990)	  –	  proton	  polaron	  exchange.	  DF12:	  Du	  
Frane	  and	  Tyburczy	  (2012)	  –	  proton-­‐proton	  (H-­‐D)	  exchange.	  J15:	  Jollands	  et	  al	  (submitted	  2015)	  –	  
data	  presented	  in	  Chapter	  2.2.	  DM03+06:	  Demouchy	  and	  Mackwell	  (2003	  (dark	  green),	  2006	  (lighter	  
green)).	  P14:	  Padron-­‐Navarta	  et	  al	  (2014)	  –	  green	  –	  [Mg],	  pink	  –	  [Ti]-­‐[Si]	  reaction,	  grey	  –	  pure	  [Si].	  The	  
different	  diffusion	  coefficients	  fall	  into	  four	  clear	  groups,	  representing	  H	  diffusion	  on	  different	  sites.	  
The	  [Mg]	  determination	  of	  P14	  falls	  outside	  of	  the	  M-­‐site	  diffusion	  field	  as	  it	  was	  determined	  as	  a	  bulk	  
diffusion	  coefficient	  (rather	  than	  axis-­‐specific).	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We do not observe diffusion along the pure [Si] pathway as seen by Padron-
Navarta et al. (2014). This is likely due to the time and temperature scales of these 
experiments – if they were run for longer times at higher temperatures it is likely that 
this mechanism would also produce diffusion profiles, when the other defects were 
fully hydroxylated. This would be relatively straightforward to test using single 
crystals of pure synthetic forsterite and running the experiments for longer times. 
The positive outlook of this is that, with some more work to understand the nature and 
diffusion rate of each hydroxylated point defect (or defect group) it should be possible 
to determine a very wide range of timescales from natural olivines with hydrogen 
diffusion profiles. Disagreements between different studies measuring diffusion along 
the same pathway are small – less than an order of magnitude – so it should be 
possible to determine timescales with some confidence. 
As a cautionary note, given the findings from this study and others, it will 
rarely be sensible to measure hydrogen diffusion profiles using a bulk measurement 
technique (e.g. SIMS, NRA). These give no insight into which pathway is being used, 
hence could lead to hugely erroneous timescale determinations if the wrong diffusion 
coefficients are used. 
In this chapter, we showed that to equilibrate OH at the crystal edge (as seen 
by low resolution FTIR) with the externally buffered conditions requires high 
temperatures (>~1100 °C for a relatively short experiment). Therefore, it is worth 
speculating whether studies that ‘equilibrated’ olivine at various conditions really 
achieved equilibrium. The classic study of Bai and Kohlstedt (1992) presented 
experiments conducted at 1300 °C, and the recent study by Gaetani et al. (2014) 
operated at 1200 °C. In these two experimental campaigns, the olivine crystals are 
likely to be fully equilibrated with the externally buffered conditions. The study of 
Bai and Kohlstedt (1993) is slightly more ambiguous – they ‘pre-annealed’ natural 
olivine at 1300 °C then hydroxylated the crystals at 900-1050 °C for 1-5 hours. In this 
case, the crystals are likely to have been fully hydroxylated (or nearly so), but may 
not have been fully equilibrated. The [Mg] diffusive pathway is fast enough to 
equilibrate any defects that only need this pathway to form (i.e. trivalent defects, 
clinohumite-type defects) but any defects that require [M]-[T] interaction would not 
have been equilibrated in these short timescales. This is likely the reason that their 
crystals that had undergone different pre-anneals gave different FTIR spectra upon 
hydroxylation – the crystals were not fully equilibrated, only metastably hydroxlated. 
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2.3.5 Summary 
• Hydrogen diffusion in Cr-doped forsterite proceeds at around the same rate as in 
Ti-doped forsterite, along similar pathways. That diffusion recorded by [CrCh-
PD] is slower than along the [Cr-triv] pathway, whereas [TiCh-PD] and [Ti-triv] 
were the same probably relates to improvements in analytical procedures 
between the two studies. 
• It is possible to metastably retain Cr4+ in forsterite at very low fO2, due to the 
sluggish kinetics of diffusion required to reduce the Cr4+ to Cr3+ or Cr2+.  
• XANES can be used to complement FTIR in H diffusion studies where either a 
valence state or coordination environment change is observed, especially 
making use of its considerably better spatial resolution. 
• Including the determinations from the previous chapter, we have presented 
methods for determining hydrogen diffusion from 650-1300 °C; a considerably 
larger range than previously possible. If experimental facilities are available for 
sufficient time, there is no reason that even lower temperatures could not be 
studied. 
• There are several pathways of H diffusion in olivine with quite different 
diffusion coefficients. This opens the possibility of studying a large range of 
timescales in geological settings using hydrogen diffusion, when the diffusion 
coefficients are well known. 
• Chemical activity does not have any significant effect on diffusion rate, but 
does change the interface concentrations of hydrogen. The majority of defects 
observed in this study have a higher H concentration in enstatite-buffered 
experiments, but others (associated with T-site vacancies) have higher 
concentrations when buffered by periclase. 
• The absorption coefficients of Bell et al (2003) and Kovacs et al (2010) are both 
inappropriate for the [Cr-triv] defect and overestimate the concentration of H2O. 
• Increasing pressure (and hence increasing fH2O) leads to increased 
concentration of defects, up to a point, where all defects in the starting material 
become saturated. 
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   I.D.	   T	  (°C),	  
P	  
(GPa)	  
	  
fO2	  
buffer	  
	  
aSiO2	  
buffer	  
[Mg]	   [CrCh-­‐PD]	   [Cr-­‐triv]	   [Cr-­‐ppe]	   [Si]	  
logD[001]	   logD[100]	   int.	  
area.	  
logD[001]	   logD[100]	   int.	  
area.	  
logD[001]	   logD[100]	   int.	  
area.	  
logD[001]	   logD[001]	  
	  
	  
	  
	  
	  
	  
	  
T	  series	  
11	   750,1.5	   Ni-­‐NiO	   fo-­‐en	   -­‐13.77	  
(0.07)	  
	   3.7	  (0.1)	   -­‐13.92	  
(0.02)	  
	   46.4	  
(0.8)	  
-­‐13.74	  
(0.02)	  
-­‐	   37.6	  
(0.3)	  
-­‐13.77	  
(0.05)	  
	  
3/	  
b5	  
850,1.5	   Ni-­‐NiO	   fo-­‐en	   -­‐12.69	  
(0.04)	  
-­‐13.68	  
(0.06)	  
5.3	  (0.2)	   -­‐12.85	  
(0.03)	  
-­‐13.74	  
(0.03)	  
44.5	  
(1.5)	  
-­‐12.59	  
(0.04)	  
-­‐13.61	  
(0.02)	  
49.0	  
(0.5)	  
-­‐12.37	  
(0.04)	  
	  
6	   950,1.5	   Ni-­‐NiO	   fo-­‐en	   -­‐11.91	  
(0.03)	  
	   5.0	  (0.2)	   -­‐12.02	  
(0.02)	  
	   44.4	  
(0.1)	  
-­‐11.81	  
(0.02)	  
N.D.	   55.1	  
(1.2)	  
>-­‐11.9	   	  
7	   1000,1.5	   Ni-­‐NiO	   fo-­‐en	   -­‐11.42	  
(0.04)	  
	   6.1	  (0.2)	   -­‐11.46	  
(0.02)	  
	   67	  (8)	   -­‐11.37	  
(0.02)	  
	   74.5	  
(1.4)	  
-­‐11.18	  
(0.05)	  
	  
	  b1	   1080,1.5	   Ni-­‐NiO	   fo-­‐en	   -­‐11.4	  
(0.12)	  
	   5.2	  (0.4)	   -­‐11.22	  
(0.03)	  
	   59.2	  
(1.6)	  
-­‐10.78	  
(0.02)	  
	   80.1	  
(3.7)	  
-­‐10.91	  
(0.08)	  
-­‐12.46	  
(0.1)	  
b2	   1200,1.5	   Ni-­‐NiO	   fo-­‐en	   -­‐11.69	  
(0.20)	  
	   6.9	  (1.8)	   -­‐10.14	  
(0.15)	  
	   47	  (3)	   -­‐10.05	  
(0.20)	  
	   85.0	  
(4.4)	  
	   -­‐11.93	  
(0.10)	  
b3	   1300,1.5	   Ni-­‐NiO	   fo-­‐en	   -­‐11.32	  
(0.03)	  
	   N.D.	   	   	   0?	   -­‐9.3	  (0.3)	   	   105	  (5)	   	   -­‐11.2	  (0.1)	  
	  
P	  series	  
b4	   850,0.5	   Ni-­‐NiO	   fo-­‐en	   	   	   N.D.	   -­‐12.80	  
(0.03)	  
-­‐13.85	  
(0.08)	  
32.2	  
(1.2)	  
-­‐12.45	  
(0.03)	  
-­‐13.37	  
(0.07)	  
38.5	  
(1.0)	  
	   	  
5	   850,2.5	   Ni-­‐NiO	   fo-­‐en	   -­‐12.87	  
(0.05)	  
	   5.7	  (0.3)	   -­‐12.74	  
(0.04)	  
	   50.6	  
(1.6)	  
-­‐12.63	  
(0.03)	  
	   59.0	  
(1.5)	  
-­‐12.39	  
(0.04)	  
	  
	  
aSiO2	  
series	  
8	   850,1.5	   Ni-­‐NiO	   fo-­‐per	   -­‐13.07	  
(0.04)	  
	   4.1	  (0.2)	   -­‐13.02	  
(0.05)	  
	   30.5	  
(1.5)	  
-­‐-­‐12.82	  
(0.02)	  
	   28.9	  
(0.5)	  
	   	  
13	   950,1.5	   Ni-­‐NiO	   fo-­‐per	   -­‐12.21	  
(0.05)	  
	   3.2	  (0.3)	   -­‐12.18	  
(0.03)	  
	   23.2	  
(0.6)	  
-­‐12.09	  
(0.03)	  
	   34.2	  
(1.0)	  
	   	  
	  
	  
	  
	  
fO2	  
series	  
2	   850,1.5	   Ag-­‐Ag2O	   fo-­‐en	   -­‐12.95	  
(0.03)	  
	   3.6	  (0.2)	   -­‐13.20	  
(0.10)	  
	   30	  (2)	   -­‐12.91	  
(0.03)	  
	   43	  (2)	   -­‐12.35	  
(0.04)	  
	  
16	   850,1.5	   Hem-­‐Mag	   fo-­‐en	   -­‐13.06	  
(0.05)	  
-­‐13.78	  
(0.08)	  
4.6	  (0.3)	   -­‐13.11	  
(0.03)	  
-­‐13.84	  
(0.03)	  
49.5	  
(1.4)	  
-­‐13.06	  
(0.03)	  
-­‐13.75	  
(0.03)	  
59.1	  
(1.2)	  
-­‐12.78	  
(0.03)	  
	  
17	   850,1.5	   Re-­‐ReO2	   fo-­‐en	   -­‐12.93	  
(0.04)	  
	   5.6	  (0.2)	   -­‐12.99	  
(0.03)	  
	   44.5	  
(1.2)	  
-­‐12.90	  
(0.03)	  
	   53.8	  
(1.3)	  
-­‐12.69	  
(0.04)	  
	  
15	   850,1.5	   Graphite	   fo-­‐en	   -­‐12.93	  
(0.06)	  
-­‐13.96	  
(0.08)	  
3.1	  (0.3)	   -­‐13.06	  
(0.02)	  
-­‐13.69	  
(0.02)	  
56.2	  
(1.1)	  
-­‐12.97	  
(0.02)	  
-­‐13.77	  
(0.03)	  
65.9	  
(1.0)	  
-­‐12.71	  
(0.03)	  
	  
	  
Table	  2.3.1:	  Hydrogen	  diffusion	  coefficients	  in	  Cr-­‐doped	  forsterite,	  where	  available.	  Errors	  are	  95%	  confidence	  limits	  from	  curve	  fitting.	  No	  attempt	  is	  made	  to	  quantify	  
total	  H2O	  as	  the	  absorption	  coefficients	  are	  not	  known	  for	  the	  main	  point	  defects,	  and	  calibrations	  based	  on	  [triv]	  defects	  are	  unlikely	  to	  be	  relevant	  for	  [Cr-­‐triv].	  In	  general,	  
D[100]	  could	  not	  be	  determined	  due	  to	  interference	  from	  the	  [001]	  direction.	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IV. Summary and concluding remarks 
 
Effect of aSiO2 on diffusion 
Over the course of this thesis, the effects of a series of variables on trace and 
major element diffusion in olivine have been presented. The first experimental 
chapter showed that the rate of 26Mg tracer diffusion was dependent on silica activity 
(aSiO2) – Mg diffusion is faster when aSiO2 is high than when it is low (at least at 
temperatures over ~1100 °C). Similar activity-diffusivity relationships were also 
presented for Zr4+, Hf4+, Ti3+, Ti4+, Cr2+ and Cr3+. Although not studied in this thesis, 
aSiO2 is also likely to affect the inter-diffusion of Fe-Mg in olivine.  
These trace cations all had apparently higher interface concentrations at high 
aSiO2, although in the case of Ti4+ this is likely to have been limited by the spatial 
resolution of the laser ablation system used throughout the studies. The findings of 
Zhukova et al (2014) found that Co2+ and Ni2+ also have diffusivity and concentration 
increasing proportionally with aSiO2, corroborated by the divalent cation (Mn2+, Ni2+, 
Co2+) diffusivity data in Chapter 1.7 (but with some caveats relating to the presence of 
Ti and associated vacancies).  
The small, light cations, Be2+ and H+ both displayed higher interface 
concentrations at higher aSiO2, but the diffusion rates were nearly identical at high 
and low aSiO2.  
It is only possible to report these findings because of the level of experimental 
control employed in this thesis. In the past, trace and major element diffusion 
experiments in olivine have generally used a “diffusion-couple” technique, whereby 
two olivine crystals with slightly different compositions are pressed together on 
polished faces, annealed, then profiles are made across the boundary (e.g. Buening 
and Buseck, 1973; Morioka, 1980, 1981). This type of experiment is inherently 
unbuffered in terms of aSiO2, and, as a result, the aSiO2 of the experiment will be 
controlled by whatever silica excess or deficiency is present in the starting crystals. 
Slightly more advanced are the crystal-thin film couples, where a layer of trace or 
major element enriched “olivine” is pulse laser-deposited (PLD) onto a polished 
crystal surface (Dohmen et al., 2002a) and then annealed, with analyses by depth 
profiling straight through the film into the crystal (Dohmen et al., 2007). Theoretically 
	   274	  
these experiments are also unbuffered, but in practise, the thin film deposition process 
leads to a slight silica excess (Ralf Dohmen, pers. comm.) so the experiments are 
generally ol-opx buffered (relevant for most geological settings where olivine is 
found). The two- or three-phase powder source, as used in this thesis, gives full and 
easily characterised buffering of aSiO2. Crystal-melt couples (Jurewicz and Watson, 
1988a; 1988b; Spandler and O’Neill, 2010) are also fully buffered, but it may be 
slightly harder to determine aSiO2 precisely than with the powder source. Crystal-gas 
couples (used for oxygen diffusion experiments – e.g. Reddy et al., 1980) do not 
constrain aSiO2, but instead will constrain the fO2, which is more important for such 
experiments. The powder source is the best in terms of its level of thermodynamic 
control, and flexibility of use (it can be easily adapted to different systems), but may 
not always be the most feasible, especially for slow-diffusing elements where depth 
profiling is needed. 
 
 
 
Figure	  IV.i:	  Various	  experimental	  designs	  commonly	  used	  in	  diffusion	  experiments	  and	  their	  
advantages	  and	  disadvantages	  in	  terms	  of	  buffering	  activities.	  
	  
 
Effect of atomic mass on diffusion 
Interestingly, all of the cations that have their diffusivity affected by aSiO2 
have approximately similar diffusivity to Mg, and also have a higher atomic mass 
than Mg. This is shown in Figure IV.ii, where diffusivity of cations that show 
concentration independent diffusion from this thesis (Zr4+, Hf4+, Mg2+, Cr2+, Be2+, H+) 
are plotted against atomic mass, along with the diffusivity of several other cations 
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showing concentration independence from the literature (He, Co2+, Ni2+, Ca2+) plus 
Li+. From this, it is clear that atomic mass of the diffusant strongly affects the rate of 
diffusion, but only up to a certain limit. After this limit there is either a weak effect or 
no effect, but it is difficult to predict this with certainty based on diffusion coefficients 
determined with different experimental and analytical procedures. The difference 
between Zr4+ and Hf4+ diffusion (0.2 log units (1.6x faster diffusion) at 1400 °C) 
suggests that mass still has a small effect. 
 
 
Figure	  IV.ii:	  Diffusion	  coefficients	  of	  cations	  showing	  concentration-­‐independent	  diffusion	  at	  1400	  °C,	  
in	  the	  [001]	  direction,	  at	  high	  aSiO2	  (where	  data	  is	  available).	  H
+:	  diffusion	  along	  the	  [M]	  pathway,	  
extrapolated	  up	  temperature.	  He:	  data	  from	  (Cherniak	  and	  Watson,	  2012):	  logD=-­‐10.4m2s-­‐1,	  (Wang	  et	  
al.,	  2015)	  logD=-­‐10.4m2s-­‐1,	  (Hart,	  1984):	  logD=-­‐11.5m2s-­‐1.	  Li	  data	  estimated	  from	  up-­‐temperature	  
extrapolation	  of	  LiMe	  diffusivity	  data	  from	  Fig.	  9	  of	  (Dohmen	  et	  al.,	  2010).	  Cr
2+	  is	  from	  lowest	  fO2	  
experiment	  in	  Chapter	  1.6.	  Ca2+	  from	  (Coogan	  et	  al.,	  2005).	  Ni2+	  from	  (Petry	  et	  al.,	  2004)	  and	  
(Morioka,	  1981),	  Co2+	  from	  (Morioka,	  1980)	  
 
	   
 The fact that Ca2+ falls off the trend likely relates to its strong preference for 
the M2 site in olivine – all other cations either preferentially order onto the M1 site or 
have no strong site preference (Brown, 1980; Papike et al., 2005). 
 
Effect of ionic radius on diffusion 
The ionic radii of cations investigated in this thesis increase in the order 
H+<Be2+<Ti4+<Cr3+<Ti3+<Hf4+<Zr4+<Mg2+<Cr2+<Sc3+. Where diffusion is 
independent of concentration (i.e. for all except the trivalent cations and Ti4+), ionic 
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radius is correlated with diffusion, but more interestingly, the ionic radius has a clear  
effect on diffusive anisotropy (Figure IV.iii), with smaller cations (with M-site 
preference) having a much larger difference between diffusion along the [001] and 
[100] directions than larger cations.  
 
 
Figure	  IV.iii:	  Diffusive	  anisotropy	  (D[001]/D[100]	  as	  a	  function	  of	  ionic	  radii	  for	  divalent,	  trivalent	  and	  
tetravalent	  cations	  from	  this	  study,	  at	  1400	  °C.	  Smaller	  cations	  are	  more	  strongly	  ordered	  onto	  the	  
M1	  site	  in	  olivine	  which	  are	  arranged	  in	  closely	  spaced	  chains	  along	  [001].	  Ca2+	  data	  from	  Coogan	  et	  
al.	  (2005)	  is	  not	  plotted,	  but	  this	  would	  approximately	  line	  up	  with	  the	  divalent	  cation	  diffusivity	  (ionic	  
radius	  1Å,	  anisotropy	  2.1x).	  
 
 
This can be explained by considering site ordering – in olivine the M1 sites are 
aligned in closely spaced chains parallel to [001] (Figure IV.iv), hence any cation that 
orders preferentially onto M1 is able to exploit this diffusion pathway. As a general 
rule, smaller cations tend to order onto M1 more strongly than larger cations. 
This relationship was also given a cursory treatment by Spandler and O’Neill 
(2010). 
 
Relationships between charge and diffusivity 
 The fastest diffusing cations studied in this thesis are H+ and Be2+, and the 
slowest is Hf4+, so it could be possible to speculate that diffusivity is somehow a 
function of formal valence state of the diffusing cation. The idea that highly charged 
cations somehow diffuse more slowly than cations with a small charge has been 
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suggested before, and due to observations that Si4+ and P5+ diffuse relatively slowly 
(Bejina et al., 1999; Costa and Chakraborty, 2008; Dohmen et al., 2002b; Fei et al., 
2012; Mallmann et al., 2009; Milman-Barris et al., 2008; Watson et al., 2015) and H+ 
and Li+ diffuse much faster, (Demouchy and Mackwell, 2003; Demouchy and 
Mackwell, 2006; Dohmen et al., 2010; Kohlstedt and Mackwell, 1998; Mackwell and 
Kohlstedt, 1990) this seems to have become common knowledge (e.g. Cherniak, 
2012). This has been corroborated by the apparently very slow diffusivity of the 
REE3+ cations (Cherniak, 2010), Hf4+ (Remmert et al., 2008) and W6+ (Cherniak and 
Van Orman, 2014) but as suggested in Chapter 1.4 (Zr4+ and Hf4+ diffusion) it is not 
possible that the Remmert et al (2008) study was measuring Hf diffusion in olivine 
due to the poor detection limits of Rutherford Backscattering Spectroscopy (RBS). 
The REEs and W should suffer from the same issues – their maximum concentrations 
are unlikely to be detectable by RBS. 
 
 
Figure	  V.iv:	  One	  unit	  cell	  of	  olivine.	  The	  M1	  sites	  (yellow)	  are	  aligned	  in	  chains	  parallel	  to	  the	  [001]	  
direction	  –	  any	  cation	  that	  orders	  preferentially	  onto	  M1	  (e.g.	  Cr3+,	  Be2+)	  will	  diffuse	  much	  more	  
quickly	  along	  [001]	  than	  the	  two	  mutually	  perpendicular	  axes.	  See	  Chapter	  1.3	  for	  further	  
descriptions.	  
	  
	  
The observations from this thesis show that there is no causal relationship 
between charge and diffusivity. H+ and Be2+ diffuse quickly, but so too do the 
trivalent cations Sc3+, Ti3+ and Cr3+, and there is only a very small change in 
diffusivity between Mg2+, Cr2+, Zr4+ and Hf4+. Much more important in controlling 
diffusivity are atomic mass, ionic radius, site location and necessity for charge 
balance. That some highly-charged cations diffuse very slowly is simply a 
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consequence of their tetrahedral site preference – this is likely the reason for the slow 
diffusion of Ti4+ (Cherniak and Liang, 2014),  for example. The fast diffusion of Sc3+, 
Cr3+ and Ti3+ is due to their charge-balancing vacancies. Attempting to draw simple 
relationships between charge and diffusivity is likely to be both difficult and futile – 
any apparent relationships will be controlled by another parameter and the 
correlations are probably coincidental. 
 
Relationship between equilibrium thermodynamics and diffusion studies 
Perhaps the most pervasive theme through these studies is the importance of 
understanding equilibrium substitution mechanisms and interface trace element 
concentrations in diffusion experiments. 
The first, and easiest way to validate if a concentration-distance profile is 
diffusion is not through the presence of an error-function, but through the interface 
concentrations. If these concentrations are realistic, and follow some predictable 
relationship with, for example, T, fO2 and aSiO2, then we can have confidence in 
suggesting that the concentration decay is a diffusion profile. Equilibrium studies do 
not need to consider diffusion in any detail to be complete, but diffusion studies 
absolutely require consideration of equilibrium.  
This should be considered as common sense, but many currently published 
studies do not take this into account. For example, in Chapter 1.7 the interface 
concentration of Ti in forsterite from diffusion experiments by Cherniak and Liang 
(2014) were presented, which had no relationship with temperature – over 500 °C the 
interface concentrations did not change appreciably or systematically. In Chapter 1.5 
it was suggested that the Hf interface concentrations determined by Remmert et al. 
(2008) were unrealistic – it is unlikely that RBS could have measured the maximum 
concentration of Hf in olivine at 1275 °C – their chosen temperature. The same 
problem is likely in experiments attempting, unrealistically, to measure the REE in 
olivine with RBS (Cherniak, 2010) – the maximum concentrations are on the order of 
a few ppm (e.g. Evans et al., 2008; Spandler and O’Neill, 2010), far below the 
detection limits of RBS.  
 
Using diffusion for timescale determinations 
In this thesis, the diffusion of several cations in olivine has been measured 
under various conditions. Therefore, it may be optimistically considered that diffusion 
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profiles found in natural olivines can be interpreted using this data and timescales of 
thermal events can be extracted. Here, the different cations studied in this thesis are 
subjectively ranked in terms of their utility from best to worst: 
 
1) H+: Hydrogen diffusion is complex, with several different mechanisms. For most 
trace elements, this would be prohibitive, but given the ease and rapidity of measuring 
OH using FTIR spectroscopy, the pathway being utilised by diffusing hydrogen 
should be determinable. Also, H+ has two pathways (pure M site and M-T site 
interaction) that, together, could elucidate timescales of geological processes of 
varying durations. In certain conditions, the faster proton-polaron exchange pathway 
((Kohlstedt and Mackwell, 1998; Mackwell and Kohlstedt, 1990) may also have some 
utility. H+ diffusion as a function of temperature is also relatively insensitive to 
olivine composition, fO2 and aSiO2, and not extremely anisotropic, so the conditions 
of the natural system only need to be constrained in terms of temperature. The fast 
rate of H+ diffusion means that it can be experimentally determined to low 
temperatures, which allow the use of diffusion coefficients without down-temperature 
extrapolation. 
 
2) Be2+: Be2+, like H+, is insensitive to olivine composition, fO2, aSiO2. As it diffuses 
slightly more slowly than H+, it can resolve timescales of slightly longer processes 
than H+ diffusion can. However, where H+ is commonly found in olivine, Be2+ is not. 
Whilst it is theoretically perfect for timescale determinations, the difficulty in 
measuring it at natural abundance mean that its use is restricted to a few rock types – 
those where incompatible elements are concentrated by small degrees of partial 
melting or near-complete fractional crystallisation. 
 
3) Cr2+: Where Cr is present in its nearly pure divalent form, such as in meteorites and 
lunar samples, it may be possible to extract timescales. Cr2+ shows concentration 
independent diffusion and is found at readily measurable values. However, 
considerably more experiments are needed to determine the activation energy of Cr2+ 
diffusion at both periclase and (proto)enstatite buffered conditions (i.e. using the C-
CO buffered experimental design, but at a variety of temperatures). This will also 
allow the closure temperature of the 53Mn-53Cr decay scheme to be determined, 
expanding the study of Ito and Ganguly (2006) to include the effect of aSiO2. 
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4) Zr4+ and Hf4+: These may prove useful in some metamorphic settings where zircon 
is present, but their low incompatibility at low temperatures will make their use 
problematic. In addition, the activation energy determined in this thesis for Zr 
diffusion in pure forsterite is unlikely to be the same as that for natural iron bearing 
olivine. 
 
5) Sc3+, Cr3+: These both show concentration dependence, so for Sc or Cr diffusion 
profiles to be useful in natural settings, the concentration dependence of diffusion 
would need to be determined at a range of realistic temperatures, and also in a range 
of olivine compositions.  
 
6) Ti4+: Ti4+ can be situated on the M or T site in olivine. Its diffusion rate on the M 
site (this thesis) appears much faster than diffusion on the T site (Cherniak and Liang 
2014). In order to use Ti profiles, some distinction would need to be made between 
these two mechanisms, and in a complex natural system with a variety of possible 
charge balancing agents, this is unlikely to be feasible. 
 
7) Ti3+: This suffers from the same issues as Sc3+ and Cr3+ in terms of concentration 
dependence, plus it is not generally found in geological samples. 
 
NOTE) The diffusion of most cations in the presence of high amounts (e.g. hundreds 
ppm) of trivalent cations where charge balance is by vacancy will be faster than in the 
absence of such cations. This was explicitly shown by the correlation between fO2 and 
Mn, Ni and Co in the presence of Ti – as more Ti was reduced to Ti3+, the diffusivity 
of the divalent cations increased. H+ and Be2+ are the only cations investigated in this 
thesis that are unlikely to be affected. 
 
Using Fe-Mg, Ca and Ni for timescale determinations 
The experimentally determined diffusion coefficients for Ni (Petry et al., 
2004), Ca (Coogan et al, 2010) and Fe-Mg (Dohmen et al., 2007; Dohmen and 
Chakraborty, 2007) have been used to determine timescales of magmatic processes. 
The use of these coefficients is advanced enough that there is even a user friendly 
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computer programme to fit observed diffusion profiles (DIPRA; Girona and Costa, 
2013).  
Of these studies, the most thorough is that of Fe-Mg, where diffusion has been 
studied as a function of fO2, olivine composition, pressure and temperature, and by 
other workers as a function of fH2O (Wang et al., 2004, Hier-Majumder et al, 2005). 
In natural olivine, diffusion of Fe-Mg is fastest at high temperatures, high fH2O, high 
fO2, low Mg/(Mg+Fe) and low pressure. Ni and Ca are affected in similar ways. 
Therefore, it is possible, with a system where all variables are fully known, to 
determine timescales with reasonable precision using Ni, Ca and/or Fe-Mg. However, 
these variables do need to be constrained, which may be a non-trivial task. The fH2O 
may be the most difficult to constrain – somehow the fH2O at peak temperature must 
be determined, which will obviously be difficult given the fast diffusion of H (see 
Section 2). In Chapter 1.3, it was shown that ignoring fH2O can lead to an order of 
magnitude inaccuracy on timescales. 
Whilst the diffusion of these elements may be the best studied in terms of 
experiments, they may not be the best in terms of utility given the amount that must 
be already known about the system. Therefore, in the ranking of the use of diffusion 
coefficients for timescale determinations, Fe-Mg, Ni and Ca should come after Be – it 
is considerably easier to find and measure diffusion profiles of these elements, but 
determining timescales with accuracy is considerably easier with Be, if it can be 
measured. 
 
Future directions 
The findings presented here may be corroborated by studying similar systems. Some 
potential future studies are suggested below: 
• Boron diffusion in olivine. B3+ is generally expected to diffuse slowly (hence 
its use in isotope studies of olivine-hosted melt inclusions (e.g. (Kobayashi et 
al., 2004)) but this has not been tested. According to Figure V.ii, it should 
diffuse slightly faster than Mg2+, if an M-site pathway exists (it may substitute 
purely onto the T site), and also be highly anisotropic (ionic radius of 0.27Å in 
octahedral coordination) 
• 30Si, 32Si or Ge diffusion in olivine. In Chapter 1.2, it was suggested that there 
may be a fast pathway of Si diffusion at very low concentrations, charge-
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balanced by M vacancies. This could be investigated using 30Si or 32Si 
(radiotracer) or Ge as an analogue for Si. 
• Vanadium diffusion in olivine: In Chapter 1.6, it was shown that the change 
from Cr2+ to Cr3+, with its associated change in ionic radius, led to an increase 
in diffusive anisotropy. If this a general process (i.e. not specific to Cr) it will 
also affect V diffusion as a function of fO2. The change from V5+ (smaller) to 
V4+, V3+ and V2+ (bigger) is associated with a change in ionic radius of 0.25Å, 
hence should show the same change in diffusive anisotropy as a function of 
fO2 as Cr, but possibly to a greater extent. 
• The effect of H+ on diffusion in forsterite: Using the methods set out in 
Section 2, it should be possible to measure diffusion of various cations in wet 
conditions, in a pure system. For example, a single crystal of forsterite could 
be placed into a Ni2SiO4-Ni-SiO2.xH2O mix inside a Pt capsule and annealed 
in the piston cylinder. The mix would simultaneously buffer the aSiO2 (SiO2 
should react with the forsterite forming (proto)enstatite), and fO2 (according to 
the Ni2SiO4-Ni-SiO2 buffer (O’Neill, 1987) and provide a source of H2O and 
the diffusant (Ni). The experiments could then be repeated with SiO2 instead 
of SiO2.xH2O, to constrain the effect of H2O on Ni diffusion.  
• Cr2+ diffusion as a function of temperature with aSiO2 constrained: This 
would allow the 53Mn-53Cr decay scheme closure temperature to be 
determined. 
• The effect of olivine composition on diffusive anisotropy: It was noted that in 
pure forsterite, D[001]>D[010]>D[100] for all elements studied. But, in 
natural olivine, the relationship seems to be D[001]>D[010]≈D[100]. 
Experiments should be conducted using olivines with a range of compositions 
and controlled orientations, to determine the nature of this change, and 
possible elucidate why it occurs.  
 
Final comments 
The original intention of this thesis was to experimentally determine trace 
element diffusion coefficients that could be used, along with the well established Fe-
Mg inter-diffusion coefficients, to elucidate timescales of geological processes – the 
original project was funded under the title ‘Deep time in the deep earth’. I have shown 
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that for the majority of trace elements measured, the amount of caveats that come 
with trace element diffusion coefficients make this somewhat impossible. However, 
through increasing understanding of the processes governing diffusion in olivine via 
well constrained, simple system experiments, it is eventually possible to determine 
that the diffusion of some trace elements – H+ and Be2+ from this thesis -  could hold 
some utility for timescales.  
With continued experiments in a variety of systems, and different minerals, more 
such systems are likely to be found, and most importantly, unifying theories of 
diffusion in geological materials will be created. At the moment, this is outside the 
scope of our current knowledge.  
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VI. Appendices 
 
VI.i. Thermodynamic data used in this thesis, where necessary for calculations. 
 
Reaction	   ΔGr=a+bT+cTlnT	  (Jmol-­‐1)	   Source	  
a	   b	   c	  
2Mg2SiO4	  =	  Mg2Si2O6	  +	  2MgO	   59352	   5.88	   -­‐1.3402	   Holland	  and	  Powell	  
(2011)	  
2Mg2SiO4	  =	  Mg2Si2O6	  +	  2MgO	   51548	   23.78	   -­‐2.9788	   Holland	  and	  Powell	  
(2011)	  
2MgO	  +	  SiO2	  =	  Mg2SiO4	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  βqtz	  
-­‐69719	   69.98	   -­‐8.5235	   Holland	  and	  Powell	  
(2011)	  
Mg2SiO4	  +	  SiO2	  =	  Mg2Si2O6	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  βqtz	  	  	  
-­‐13613	   65.11	   7.9949	   Holland	  and	  Powell	  
(2011)	  
Mg2SiO4	  +	  SiO2	  =	  Mg2Si2O6	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  βqtz	  	  	  	  	  	  	  	  	  
-­‐10411	   76.09	   -­‐9.8902	   Holland	  and	  Powell	  
(2011)	  
ZrO2	  	  +	  SiO2	  =	  ZrSiO4	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  βqtz	  	  	  	  	  	  	  	  
	   -­‐34771	   -­‐14.10	   0.3966	   O’Neill	  (2006)	  
HfO2	  +	  SiO2	  =	  HfSiO4	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  βqtz	  	  	  	  	  	  	  	  
	   -­‐28201	   -­‐14.10	   -­‐0.3340	   O’Neill	  (2006)	  
ZrSiO4	  	  =	  Zr[vac]SiO4	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  ol	  
235200	   -­‐52.3	   	   This	  study	  
Mg2SiO4	  +	  2BeO	  =	  Be2SiO4	  +	  2MgO	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  ol	  	  	  	  	  	  	  	  	  	  	  	  
149271	   19.27	   	   This	  study	  
Mg2Si2O6	  +	  2BeO	  =	  Be2SiO4	  +	  Mg2SiO4	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  ol	  	  	  	  	  	  	  	  	  	  	  	  	  	  
	  
151665	   38.10	   	   This	  study	  
2BeO	  +	  SiO2	  =	  Be2SiO4	   -­‐15939	   23.00	   -­‐2.1535	   Robie	  and	  Hemingway	  
(1995)	  
2BeO	  +	  SiO2	  =	  Be2SiO4	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  βqtz	  	  	  	  	  	  	  	  	  	  	  	  	  ol	  
299904	   -­‐76.90	   	   This	  study	  
	   ΔG	  (1673K)	   	  
HfSiO4	  =	  Hf[vac]SiO4	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  ol
	  
144200	   This	  study	  
Cr2SiO4 =
2
3 Cr2O3 +
2
3 Cr+ SiO2 	  
	  	  	  	  	  	  ol	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  βqtz	  
-­‐17123	  
	  
Li	  et	  al.	  (1995)	  
MgCr2O4 + SiO2 = Cr2O3 +0.5Mg2Si2O6 	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  βqtz	  	  	  	  
11030*	   Klemme	  and	  O'Neill	  
(1997)	  
2Cr+ 32O2 = Cr2O3 	   -­‐696400	  	  
Holzheid	  and	  O'Neill	  
(1995)	  
 
 
VI.ii Methods for characterising natural xenocryst (Chapter 1.3) 
FTIR analyses: Unpolarised spectra were acquired using the method presented in 
Chapter 2.1. The aperture was closed to a 125x125 µm square, and points were taken 
every 200 µm in the x and y coordinates. The spectra were then thickness corrected to 
1 cm by directly measuring the thickness of the double-polished section.  
EBSD analyses: The crystal was removed from the double polished section and 
mounted in epoxy, then polished using 6 µm, 3 µm, 1µm and ¼ µm diamond grit on 
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cloth laps, followed by a ~0.05µm colloidal silica suspension. Following carbon 
coating, the crystal was then analysed on a Zeiss UltraPlus analytical FESEM with an 
Oxford HKL EBSP detector. Resultant EBSD patterns were indexed using inbuilt 
software. 
WDS analyses: The crystal was mapped for the Mg Kα peak using WDS with the 
TAP crystal on a Cameca SX100 electron microprobe. 
 
VI. iii: Estimating detection limits of Hf and other elements by Rutherford 
Backscattering Spectroscopy 
RBS spectra of homogenous forsterite doped with small amounts of Hf were 
simulated using RBX software (Kótai, 1994). A generous dose of 100,000 nC (where 
one nC is one nA per s ) was allowed, and Hf was assumed to be ‘detectable’ when 
there were 10 counts in the relevant energy region. No consideration was given to 
pile-up (interference from adjacent signals) or channelling effects (alignment of atoms 
preventing backscattering events). The detection limits of Hf and other similar mass 
elements are shown in Figure V.iii.i: 
 
 
Figure	  VI.iii.i:	  Estimated	  detection	  limits	  for	  a	  variety	  of	  elements	  using	  RBS.	  Left:	  det.	  lim.	  as	  atomic	  
ppm	  as	  a	  function	  of	  atomic	  number.	  Right:	  recast	  into	  more	  familiar	  units	  of	  wt.	  ppm	  as	  a	  function	  of	  
molar	  mass.	  
	  
The detection limit will be more favourable with higher dosage, and less so with 
lower dose, but in order to increase the dose, either more time is required or a higher 
beam current, which increases the risk of pile-up effects. 
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Reference - Kótai, E., 1994. Computer methods for analysis and simulation of RBS 
and ERDA spectra. Nuclear Instruments and Methods in Physics Research Section B: 
Beam Interactions with Materials and Atoms, 85, 588-596. 	  
VI.iv Kröger-Vink 
This notation is occasionally used in this thesis, and may take some effort to 
understand. Importantly: 
• The main letter represents whatever is “on” the site. While predominantly 
these are chemical symbols, i.e. Mg, Si, O, the letter V represents a vacancy – 
an effectively empty site. 
• Superscript is charge relative to the normal occupant of that site. /  is a 
negative charge, ✕ is no charge and  is a positive charge. A double positive 
charge is , double negative is // and so on. 
• Subscript is site location. In forsterite, the sites are Mg (either M1 or M2 
octahedral sites), Si (the tetrahedral site), O (the anionic site) or i, an 
“interstitial” site, which does not really specify location at all. 
Care must be taken when interpreting Kröger-Vink equations. Given that the site 
locations are specified by the equation, it is easy to assume that they are known. This 
is often not the case. A good example is provided by the substitution where two H+ 
replace one Mg2+. This is usually written (2H)Mg
• , which assumes that the two H+ are 
on the octahedral site. In reality, they are likely to be associated with a nearby O2-, 
and may exist in several locations. (2H)Mg
• is written mainly for simplicity, and 
because it does not affect the stoichiometry of relevant reactions in any case. 
Examples: 
• 2HMg
/ : Two H+ replace two Mg2+. Each Mg site is therefore deficient in one 
positive charge. 
• (2H)Mg
• : Two H+ replace one Mg2+. The site is at neutral charge relative to its 
normal state. 
• CrMg
• : One Cr3+ replaces one Mg2+, leaving a net positive charge. 
• CrMg
× : One Cr2+ replaces on Mg2+, net neutral charge. 
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• Sii
•••• :One Si4+ goes onto an interstitial site, causing a net 4+ charge. 
• VMg
// : One Mg2+ site is vacant, leaving a net 2- charge. 
 
VI.v Glossary of abbreviations 
1) Phases and end members 
Abbreviation	   Name	   Formula	  
fo	   forsterite	  	   Mg2SiO4	  
per	   periclase	   MgO	  
prEn	   protoenstatite	   Mg2Si2O6	  
en	   enstatite	   Mg2Si2O6	  
(pr)En	   either	  protoenstatite	  or	  enstatite	  depending	  on	  T	   Mg2Si2O6	  
ol	   olivine	  (includes	  fo)	   (Mg,Fe)2SiO4	  
opx	   orthopyroxene	  (includes	  (pr)En)	  	   (Mg,Fe)2Si2O6	  
fpr	  /	  mw	   ferropericlase	  /	  magnesiowustite	  (includes	  per)	   (Mg,Fe)O	  
βqtz	   beta	  –quartz	   SiO2	  
bro	   bromellite	   BeO	  
phen	   phenakite	   Be2SiO4	  
tho	   thortveitite	   Sc2Si2O7	  
zrc	   zircon	   ZrSiO4	  
hnon	   hafnon	   HfSiO4	  
tbdd	   tetragonal	  baddeleyite	   ZrO2	  
hnia	   hafnia	   HfO2	  
esk	   eskoalite	   Cr2O3	  
mcr	   magnesiochromite	   MgCr2O4	  
sp	   spinel	  (used	  in	  relation	  to	  mcr	  only)	   (Mg,Fe)Cr2O4	  
ccar	   chromium	  carbide	   Cr3C2?	  
graph	   graphite	   C	  
kar	  	   karooite	  /	  	   MgTi2O5	  
gei	   geikielite	   MgTiO3	  
qan	   qandilite	   Mg2TiO4	  
ilm	   ilmenite	   (Mg,Fe)TiO3	  
arm	   armalcolite	   (Mg,Fe)Ti2O5	  
ulv	   ulvospinel	   (Mg,Fe)2TiO4	  
 
 
2) Variables 
 
Abbreviation	   Variable	   Units	  
T	   temperature	   degrees	  centigrade	  or	  Kelvin	  
(°C	  or	  K)	  
1000/T	   inverse	  temperature	   1000/K	  
t	   time	   seconds,	  hours	  or	  days	  (s,	  h,	  
d)	  
fO2	   oxygen	  fugacity	   bars	  
aSiO2	   silica	  activity	   0	  –	  1,	  relative	  
aMgO	   magnesia	  activity	   0	  –	  1,	  relative	  
fH2O	   water	  fugacity	   gigapascals	  (GPa)	  
P	   pressure	   gigapascals	  (GPa)	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3) Hydroxylated point defects 
 
Notation	   Formula	  
[Mg]	   MgH2SiO4	  
[Mg1]	   MgH2SiO4	  (H	  specifically	  on	  M1	  site)	  
[Mg2]	   MgH2SiO4	  (H	  specifically	  on	  M2	  site)	  
[M]	  {generic}	   (H+	  with	  any	  charge	  balance)SiO4	  
[Cr-­‐triv]	   Cr3+HSiO4	  
[Ti-­‐triv]	   Ti3+HSiO4	  
[Sc-­‐triv]	   Sc3+HSiO4	  
[Al-­‐triv]	   Al3+HSiO4	  
[triv]	  {generic}	   M3+HSiO4	  
[Si]	  (probably	  includes	  [Si1],	  [Si2])	   Mg2H4O4	  
[T]	  {generic}	   Mg2(H
+	  with	  any	  charge	  balance)O4	  
[TiCh-­‐PD]	   MgTi4+H2O4	  
[CrCh-­‐PD]	   MgCr4+H2O4	  
[Cr-­‐ppe]	   unknown,	  related	  to	  oxidation	  or	  reduction	  
 
4) Analytical methods 
 
Abbreviation	   Full	  name	   Use	  in	  this	  thesis	  
LA-­‐ICP-­‐MS	   laser	  ablation	  inductively	  coupled	  plasma	  
mass	  spectrometry	  
in	  situ	  trace	  element	  and	  isotope	  
analyses	  	  
EPMA	   electron	  probe	  microanalysis	   trace	  element	  analyses	  	  
FTIR	   Fourier	  transform	  infrared	  spectroscopy	   concentration	  and	  location	  of	  OH	  
groups	  
XANES	   X-­‐Ray	  absorption	  near-­‐edge	  structure	   valence	  state	  and	  coordination	  
environment	  of	  trace	  elements	  
SEM	   scanning	  electron	  microscopy	   imaging	  
EBSD	   electron	  backscatter	  diffraction	   crystal	  orientation	  
SHRIMP-­‐RG	   reverse	  geometry	  sensitive	  high-­‐
resolution	  ion	  microprobe	  
in	  situ	  trace	  element	  and	  isotope	  
analyses	  
 
 
 
